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Introduction 


Your decision to take AP Chemistry says a lot about you. You seek out coursework that represents the highest 
educational challenge available to you, and you are willing to put forth an effort to excel. You are cognizant of 
the financial advantage of receiving college credit before you begin your university experience, and you are pre- 
paring yourself to enter your higher education years with the study skills required for success in courses that 
come easily to very few. These traits will serve you well. Your teachers, parents, and college admissions commit- 
tees will be impressed. 


Of the resources available to you, no textbook, study guide, website, or YouTube tutorial is as important as your 
classroom teacher. This person has undergone years of training both in chemistry and in teaching, not to men- 
tion a grueling course audit, in order to call his or her course “AP Chemistry.” Your teacher is your greatest ally: 
He or she has a vested interest in your success because his or her professional accomplishment is intertwined with 
student achievement. When you feel that there are shortcomings in your understanding, never hesitate to 
approach your teacher for clarification. You will both be glad that you did. 


The intent of this study guide is to provide you with plenty of opportunities for self-assessment so that you can 
pinpoint your weaknesses and overcome them. The complete solution to each practice question has a reference to 
one or more of the Essential Knowledge (EK) items from the 4P Chemistry Course and Exam Description that 
was published in 2013 for the revised exam. This document is available on the College Board’s AP Chemistry 
webpage, https://apstudent.collegeboard.org/apcourse/ap-chemistry/course-details. You are encouraged to look it 
over and familiarize yourself with its organization. You can refer to the Essential Knowledge (EK) categories, 
which are specific components of the AP Chemistry learning objectives, to target your problem areas and polish 
your skills. Practice, practice, and practice some more. 


Each question in this revised edition of CliffsNotes AP Chemistry was designed specifically to assess some con- 
tent component of the current course. There is ample coverage of newly introduced topics such as spectroscopy, 
chromatography, and Coulomb’s law. On the other hand, colligative properties, organic reaction prediction, and 
quantum numbers, to name a few, are important and interesting topics, but since they are excluded from the cur- 
riculum, they are excluded from this guide. An exception has been made for the Nernst equation, which proved to 
be advantageous to students on both the May 2014 and 2015 administrations of the AP Chemistry exam. Despite 
its formal exclusion from the curriculum framework, the Nernst equation is covered here at the end of Big Idea 6 
(Chapter 6, “Chemical Equilibrium”). 


Whether you are using this book as a supplement throughout your school year or you are picking it up a few 
weeks or days before the exam, it is my hope that this revised edition of CliffsNotes AP Chemistry will provide a 
valuable supplement to your teacher’s instruction. Pick up your favorite pencil (remember, it’s loaded with graph- 
ite, a soft network covalent compound with sheetlike layers) and start practicing! 


Topics Covered in a Typical AP Chemistry Course 


In most cases, the AP Chemistry course you are taking will not follow the sequence set forth in the AP Chemistry 
Course and Exam Description. The six Big Ideas in the course description, which were introduced in 2013, repre- 
sent an inventory of concepts that students need to master in order to be successful on the exam, not a timetable 
for study of these concepts. There is no need to work through the Big Ideas in the sequence that they are pre- 
sented, although it is certainly possible to do so. The table below shows a typical AP Chemistry Course sequence 
and the likely timing of the coverage of Essential Knowledge. You can use these items to determine which Big 
Idea and Essential Knowledge your course topic fits into, and when working the practice problems in this book, 
you can quickly refer to your class notes for review. 
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Atoms, Molecules, and Ions Loud. 142., LAS 


Chemical Equations and Stoichiometry LEl, 1.E2 
3.A.1,3.A.2 


3.B.1 
3.C.1 


Liquids and Solids 2.A.1,2.A.3 


Intermolecular Forces 2.B.1, 2.B.2, 2.B.3 
SARL, 5.1.2, 5.9.3 


Thermochemistry (Enthalpy and Calorimetry) 3.C.2 

3.A.1, SA2 

5.B.1, 5.B.2, 5.B.3, 5.B.4 
SELIL 

5.D.1 


LBL, 1.B.2 
leds FB 
LEL 1 D2... 


Bonding and Molecular Structure EA DN PE Bae hn: BA 
2 D1. 2D2;2.D3,2.D.4 


Kinetics 4.A.1, 4.A.2,4.A.3 
4.B.1, 4.B.2, 4.B.3 
ALC, 4C.2, 4.0.3 
4.D.1, 4.D.2 
Acids and Bases 3.B.2 
6.G. | 
Thermodynamics SEAL 3.2.2, 3.2.3, 3.24, SE 
6.D.1 


General Equilibrium 6.A.1, 6.A.2, 6.A.3, 6.A.4 
6.B.1, 6.B.2 
6.D.1 


Acid/Base Equilibrium 6.C.1, 6.C.2 
Solubility Equilibrium 


Electrochemistry 


Atomic Structure and Periodicity 


Other topics that are excluded from the exam may be included in your course. These include nuclear chemistry, 
organic reactions, transition metal and coordination chemistry, and colligative properties. These are topics that 
will be very important in university-level chemistry. Thank your teacher for taking the time to cover them! 


Format of the AP Chemistry Exam 


The AP Chemistry exam is divided into two sections. Calculators are not permitted on Section I, but you may use 
your calculator on Section II. Throughout the exam, you will have access to the AP Chemistry Equations and 
Constants sheet (pages 365-366). You should refer to this list of important equations and constants frequently as 
you study for the exam. 
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Number of | Recommended Time per | Total Time 
Section a ENET of Question BEEN BEN cro 


Section] | I f 50% O Multiple choice | choice l. | 1l5mimtes minutes | 90minutes | minutes 


Section II 50% Long free response 22 minutes 105 minutes 
Short free response 9 minutes 
Exams are graded on a scale of 1 to 5, with 5 being the highest score. Most colleges require a minimum score of 
3 or 4 to offer a student credit for chemistry or allow the student to skip one or two semesters of introductory 


chemistry. Check with the chemistry departments at the universities that you will apply to in order to determine 
whether they award credit for the exam. 


The distributions of student scores on recent administrations of the exam are shown below. 
Exam Approximate Percentage of Approximate Percentage of 
= Exam Points Earned Students Earning the Grade 
Extremely Well Qualified | 72-100 
Well Qualified —i— 58-71 15-16 


Qualified 42-57 25-28 
Possibly Qualified 27-41 25-26 
21-22 


Strategies for Multiple-Choice Questions 


= Carefully read the background information when answering question set items. There are two types of 
questions in the multiple-choice section: stand-alone questions and question sets. Stand-alone questions 
are single questions with four choices lettered A-D. Question sets begin with a prompt indicating which 
question numbers belong to the set. A prompt might read, “Use the following information to answer 
questions 2—4.” Make sure that you refer to the background information while answering all of the 
questions in the set. 


= Do not leave any answers blank. There is no penalty for guessing, so eliminate any choices that are obviously 
wrong and choose one of the remaining choices. If you cannot eliminate any choices, just make a guess. You 
have one chance in four of guessing correctly. 


= Do not spend too much time on one question. Even if you are sure you can figure out the answer to a long 
question, put a mark by the question in your booklet, strike through any incorrect choices, and come back 
after you have worked quickly through the rest of the exam. You may be able to answer several easy ques- 
tions and earn multiple points in the time it takes to answer one difficult question for a single point. 


= Don’t overthink easy questions. The questions range in difficulty from very easy to difficult. If a question 
seems too easy, do not assume that it is a trick. Don’t second-guess yourself. 


= Review True and False items carefully. Some questions may ask “which of the following is true” or “which of 
the following is false.” Write a T or an F beside each answer choice to avoid confusion. 


= Check your bubbling carefully and obsessively. Every time you turn the page, check to make sure that the ques- 
tion number at the top corresponds to the correct bubble that you are filling in on your answer sheet. Rather 
than bubbling circles completely as you work through a page, place a light hash mark across the correct 
answer. At the end of the page, check your question numbers and then darken the bubbles completely. This 
way, if you do make a bubbling error, you can erase it quickly and completely before correcting your work. 
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Multiple-Choice Math Strategies 


Calculators are not allowed on the multiple-choice section of the exam, but calculations are still required. This 
can be one of the most intimidating aspects of the AP Chemistry exam, but it does not have to be. Practice work- 
ing problems without a calculator. Start early in the school year to gain comfort doing this. The math is simple. 
You just need to know the tricks. 


Estimating 


Suppose a question asks for the pressure exerted by a 10-gram sample of F, in a 4-L container at 385 K. You 
know that this is an ideal gas law problem and that PV = nRT. The number of moles, n, is equal to the number of 
grams divided by the molar mass, 38.00 g:mol”. The value of the gas constant, R, is found on the AP Chemistry 
Equations and Constants sheet (pages 365-366). Begin by solving the equation for P and plugging in the appropriate 
values for V, n, R, and T. 


10 
ae [£2 ](0.08206)(385) 
V 4 


P 


Notice that in the numerator, 385 divided by 38 is approximately 10. 


(2 (0.08206) 385 “| 


38 _ (10)(0.08206)(10) 


4 4 
Next, recognize that 0.08 divided by 4 is 0.02. 


(10)(0.02)(10) = 2 


If you had used your calculator, you would have determined the answer to be 2.078. The estimated numerical 
value will only be close to one of the answer choices. 


Working with Exponents 


Be comfortable with the rules for working with exponents. 
= When two numbers are multiplied, their exponents are added. 
(6 x 10")(3 x 10°) = (6)(3) x 10" *® = 18 x 10° = 1.8 x 10° 


= When two numbers are divided, the exponent of the number in the denominator is subtracted from the 
exponent of the number in the numerator. 


3x 10° 


Bot = 95% 10S = 0.510" =5 x10" 
x 


= To take a square root of an exponent, divide the exponent by 2. 
V1x 10" =1x 10° 
= In order to raise an exponent to the power of another exponent, multiply the two exponents. 


(1 x 109° =1 x 10°" =1 x 10" 
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Working with Logarithms 


Logarithms are another operation that appears on the exam, usually in the context of pH or pK. The log of a 
number is the power to which 10 must be raised in order to give that number. 


log (1000) = log (10°) = 3 
log (0.001) = log (10°) = -3 
Sometimes it is necessary to estimate the log of a number that is not a multiple of 10. 
log (2.3 x 10“) 
The value 2.3 x 10% is greater than 1 x 10“ and smaller than 1 x 10°, so the value of the log is larger than log 


(1 x 10%) and smaller than log (1 x 10°). The value can be estimated to lie between —3 and -4. The actual value is 
—3.63. 


Strategies for Free-Response Questions 


The free-response section is 105 minutes long, and calculators are allowed. 


Significant Figures 


Free-response calculations should be reported with the correct numbers of significant figures. When counting sig- 
nificant figures, zeros to the left of the first nonzero value are not significant. (The underlined digits are signifi- 
cant.) 


0.0001055 Four significant figures 
Zeros at the end of a number and to the left of a decimal point are not significant unless there is a decimal point. 
1,055,000 Four significant figures 


1,055,000. Seven significant figures (more precise) 


Rounding 


When two measured values are multiplied or divided, the result should be rounded to reflect the number of sig- 
nificant figures as the least precise measurement. 


10,553(0.023) | a 
31.8526 


When two measurements are added or subtracted, the result should be rounded to reflect the left-most decimal 
place that contains an uncertain digit. 


84 + 38,600 + 9.005 = 38,700 
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This may be easier to visualize using a stacked equation in which all values are aligned at the decimal point. 


84 
38,600 
9.005 


38,693.005 (unrounded answer) 
38,700 (correct number of significant figures) 


When performing a series of calculations, it is always best to carry out all the arithmetical operations before 
rounding to avoid propagation of error. 


Example: 


Divide 25.398 by 142.04. Divide 1.38 by 58.44. Add the two results and divide the answer by 0.10000. 


Report the final answer with the correct number of significant figures. 


The first division operation results in five significant figures. 


25.398 
142.04 


= 0.17881 (unrounded value to be carried to the next step: 0.1788087863) 


The second division operation results in three significant figures because it is limited by the value 1.38. 


=a = 0.0236 (unrounded value to be carried to the next step: 0.023613963) 


The two results are added, and the result has four significant figures because it is limited by the value 0.0236. 


0.1788087868 


0.023613963 
0.2024227498 (unrounded answer) 
0.2024 (correct number of significant figures) 


When the result is divided by 0.10000, the final answer can be reported to four significant figures, because it is 
limited by the value 0.2024. 


0.2024227498 
0.10000 


= 2.024 


There are four significant figures in the final answer. Note that no rounding occurred until the last step of the cal- 
culation. 


Additional Free-Response Strategies 


Free-response questions are not traditional essay questions. You should answer each question with a sentence or 
two, a calculation, or a quick sketch. 


= Read each question carefully. Circle key information and jot key words in the margins. Do not assume that 
you know what the question is asking without thinking carefully. 


= Number your responses. Clearly label your responses with the correct question number and question part. 


Introduction 


= Write clearly and neatly. You are not penalized for poor grammar, spelling, or handwriting, but if it inter- 
feres with the readers’ ability to interpret your response, you may lose valuable points. 


= Follow the directions precisely. When a question asks for an answer and an explanation, you must explain 
your answer in order to earn credit. This also applies to questions that ask you to justify your responses by 
referring to data, calculations, and drawings. Refer to the data explicitly. If a question asks for a justifica- 
tion and you do not refer to the data, you may fail to earn points, even if your answer is technically correct. 


= Include a sketch when helpful or when requested. Some questions may be best answered with a sketch. If you 
feel that your answer would be clarified for the reader with an illustration, provide one. Make sure to neatly 
label the parts of your sketch and explain how the drawing answers the question. If, on the other hand, a 
sketch is requested, you must provide one or you will not earn credit. 


= Show your work. Be sure to use the factor-label method of dimensional analysis to check your work and 
show the reader that you know the material. For example, a question might ask you to calculate the number 
of moles of hydrochloric acid required to react with 30.0 grams of calcium carbonate. Show your work, as 
demonstrated below. 


2 HCl+ CaCO, > CaCl, + H,O + CO, 


l mo 
30.0 g Cae; x sg N eo G 


100.09 gCa€O, 1 molCa€0, 


= Do not answer more than what is asked. You will not get extra credit, and you will waste valuable time. 


= Read and attempt to answer every part of each question. Even if you do not know how to answer an early 
part, you can still earn credit for knowing how to answer the parts that come later. If you need to make up 
numbers for the early parts of the question in order to proceed to the parts that you do know how to work, 
state what you have done and carry the number through the rest of the calculations. Glean every available 
point. 


Finally, believe in what you have learned. Sleep well the night before the exam, eat well the morning of the exam, 
and breathe deeply. Read carefully, think carefully, write clearly, and use this opportunity to show how much you 
have practiced! 
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Structure of Matter (Big Idea 1) 


Big Idea 1: Atomic structure is the basis for 
understanding the properties of the elements 


The central concept in chemistry is that matter is composed of atoms. Atoms do not undergo a change in identity 
during chemical reactions. The characteristics of elements are a consequence of the structure of the atoms that 
make up the elements. This chapter will review the fundamentals of atomic theory as they are covered in the AP 
Chemistry curriculum. Some of the material in this chapter is a review of Pre-AP Chemistry concepts that are 
assumed to be prior knowledge on the AP Chemistry exam. 


Atoms: The Fundamental Building Blocks of Matter 


Matter, anything that has mass and volume, is composed of atoms. An atom is the smallest unit of matter that 
retains its elemental identity through all physical and chemical processes. Atoms are the basic units of elements, 
pure substances such as carbon or gold that cannot be decomposed into simpler substances by ordinary chemical 
or physical changes. 


Atoms are composed of three types of fundamental subatomic particles: protons, neutrons, and electrons. The 
nucleus is the central region of an atom. It is comprised of positively charged protons and neutral neutrons. A 
proton and a neutron each have a mass of approximately one atomic mass unit (amu), 1.66 x 10” kg. The amu is 
defined as one-twelfth the mass of a neutral atom of carbon-12, which has six protons and six neutrons. 


Electrons are negatively charged subatomic particles located in the space outside of the nucleus. The mass of an 
electron is negligible compared with the mass of a proton or a neutron. 


The atomic number, Z, of an element is the number of protons in the nucleus of an atom of that element. 
Elements are tabulated systematically on the periodic table according to increasing atomic number, and the 
identity of an element is determined by its atomic number. 


The mass number, A, of an atom is equal to the total number of protons and neutrons in that atom. The number 
of neutrons, n°, is equal to the difference between the mass number and the atomic number. The mass number 
and the atomic number are always whole numbers. 


For a neutral atom, the number of protons, p*, is equal to the number of electrons, e. 
Atomic Symbol 


Mass number 


A X = element symbol 
A (see periodic table) 


Atomic number 7 


An element’s symbol on the periodic table is accompanied by the atomic number and the atomic weight of the 
element. The atomic mass, or atomic weight, is the weighted average of the masses of the naturally occurring 
isotopes of the element. Isotopes are atoms of the same element that have different numbers of neutrons. 

The atomic mass is numerically equal to the molar mass, which is the mass in grams of one mole of the atoms 
of an element. 
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The Element Sodium as it Appears on the Periodic Table 


11 ~<— Atomic number, Z 


N Element symbol 
a : 
d (sodium) 
22 99 Atomic mass 
(or atomic weight) 


PRACTICE: 


How many protons, neutrons, and electrons are in a neutral atom of %Mg? 


There are 12 protons, 14 neutrons, and 12 electrons in a neutral atom of % Mg. The atomic number, Z, at the 
lower left, is equal to the number of protons, 12. The number at the upper left is the mass number, 4, which 
equals the number of protons plus the number of neutrons. There are 14 neutrons. 


In a neutral atom, the number of protons equals the number of electrons, so the number of electrons in a neutral 
atom of magnesium is 12. 


A pure substance is matter that cannot be broken down into simpler substances by any physical means. Elements 
and compounds are pure substances. 


A compound is a pure substance composed of two or more different elements in a fixed ratio. It can be broken 
down into elements by chemical means. Some examples of compounds are H,O, CH, and Cr,(SO,),. 


A molecule is the simplest group of bonded atoms making up a pure substance that can exist independently and 
retain all the characteristics of the pure substance. Examples of molecules include simple ones like H,, S,, H,O, 
and CH, and very complicated ones like chlorophyll (C,,H,,N,O;Mg) or proteins and nucleic acids. Notice that 
the subscripts give the number of atoms of each element in a molecule. There are eight atoms of sulfur in a 
molecule of S,, and there are two atoms of hydrogen and one oxygen atom in a molecule of H,O. 


Some compounds exist as hydrates. They contain fixed numbers of associated water molecules. The general 
formula for a hydrate is 


Compound : n H,O 


For example, there are seven molecules of water associated with each formula unit of magnesium sulfate 
heptahydrate, MgSO,7 H,O. A substance that has no associated water is said to be anhydrous. 


Mixtures are obtained by mixing two or more pure substances. Mixtures may be either homogeneous or 
heterogeneous. Homogeneous mixtures, such as salt water or air, have the same properties throughout. 
Heterogeneous mixtures, such as oatmeal cookies or marble, do not look uniform and have different regions with 
different properties. 


A mixture is usually separable into its component atoms or compounds by physical means. Common physical 
methods for separating mixtures are filtration, evaporation, distillation, and chromatography. 


Filtration is a technique for separating heterogeneous mixtures such as sand and water. A liquid component is 
passed through a filter and a solid is retained in the filter. In the filtration apparatus below, a sidearm flask is 
connected to a vacuum source. The mixture is poured into the Büchner funnel that has been fitted with filter 
paper. The liquid, or filtrate, is pulled through the funnel into the flask, while the solid remains on the paper in 
the funnel. 
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Filtration Apparatus 


=«— Büchner funnel containing 
filter paper and solid 


Sidearm flask containing 
filterate (the liquid that is filtered) 


| 


| 


Vacuum source 


Evaporation is a separation technique in which a liquid is boiled away or allowed to evaporate away from a solid. 
Salt may be separated from a homogeneous saltwater solution by boiling away the water. Both homogeneous and 
heterogeneous mixtures may be separated in this way. 


Distillation and chromatography are methods for separating mixtures that will be discussed in the context of 
intermolecular forces in Big Idea 2 (Chapter 2, “Bonding and Intermolecular Forces”). To summarize, matter is 
divided into two categories, pure substances and mixtures. Pure substances are further classified as elements and 
compounds while mixtures can be homogeneous and heterogeneous. 


Classification of Matter 


Pure substances Mixtures 


Elements Compounds Homogeneous Heterogeneous 
mixtures mixtures 


Law of Conservation of Mass 


Matter cannot be created or destroyed in ordinary physical processes. This law of conservation of mass is the 
reason chemical equations must be balanced, a skill that is discussed further in Big Idea 3 (Chapter 3, 
“Chemical Reactions”). The law of conservation of mass does not apply to nuclear transformations. 


Consider the reaction between sodium, a soft metal, and chlorine, a diatomic gas, to form sodium chloride. 
This may be represented as a chemical equation. Notice that the same number of sodium atoms and chlorine 
atoms appear in both reactants and products. 


2 Na(s) + CL(g) > 2 NaCl(s) 


The reactants are the reacting species to the left of the arrow, Na and C1, and the products are the species formed, 
NaCl(s). The coefficients are the numbers in front of each species that indicate the relative number of units of 
that species that react. The arrow shows that a chemical reaction occurs. The state symbols following each species 
indicate the state of that species in the reaction. Solids, liquids, gases, and aqueous solutions (solutions in water) 
are given the symbols (s), (D, (£), and (aq), respectively. 


The law of conservation of mass can be seen in natural phenomena such as the hydrologic cycle. Earth has a 
relatively constant mass of water over time. One water molecule may travel from the ocean to the atmosphere 
via evaporation. It will eventually fall as rain. It may even be consumed by an organism before being excreted 
and re-entering the cycle. 


10 
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Law of Definite Proportions 


The law of definite proportions states that a particular compound always contains the same mass percentages of 
elements. Every gram of water, H,O, is always composed of 0.89 gram of oxygen and 0.11 gram of hydrogen. 
In other words, it is 89% oxygen and 11% hydrogen by mass. The fixed percent of each element by mass for a 
compound is called the percent composition. 


mass of one element 
Mass percent = ———__—_ x 100% 
total mass of compound 


PRACTICE: 


A 52.1-gram sample of a compound is composed of 20.8 grams of carbon, 3.5 grams of hydrogen, 


and 27.8 grams of oxygen. What is the percent composition of the sample? 


The percent composition of each element is its percentage of the total mass. 


20.8 granis C 
x 100% = 39.9% C 


52.1 grams total 


3.5 grams H 
—— = x 100% = 6.7% H 


52.1 grams total 


27.8 grams O 
x 100% = 53.4% O 


52.1 granis total 


Experimentally determined percent composition can also be an indicator of the purity of a sample. If the 
sample of the compound in the practice problem above, C,H,O,, was determined experimentally to have 
different mass percentages than the one shown, this would be good evidence for the presence of impurities in 
the sample. 


Percent carbon = 
Percent hydrogen = 


Percent oxygen = 


Law of Multiple Proportions 


John Dalton was a teacher, chemist, and physicist who made observations about the ratios of the masses of 
elements that combine to form compounds. His contributions to chemistry include the law of multiple 
proportions, which states that when two elements form more than one compound, such as H,O and H,O,, the 
ratio of the masses of the second element that combine with a fixed amount of the first element is always a small, 
whole-number ratio. 


In the example of H,O and H,O,, 1 gram of hydrogen combines with 8 grams of oxygen to form H,O, and 1 gram 
of hydrogen combines with 16 grams of oxygen to form H,O,. The two masses of oxygen that combine with 
1 gram of hydrogen can be simplified to a small, whole-number ratio. 


Mass of oxygen in H,O, 16g 2 


Mass of oxygen in H,O 8g 1 


PRACTICE: 


One gram of carbon is found to combine with 0.336 gram of hydrogen in Compound A and with 


0.252 gram of hydrogen in Compound B. Show that these compounds obey the law of multiple 
proportions. 
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To demonstrate that two compounds adhere to the law of multiple proportions, show that the masses of 
hydrogen that combine with 1 gram of carbon can be simplified to a whole-number ratio. It is necessary to 


= ; eats 3% , 
recognize that 0.33 is 7 The ratio must be multiplied by 3 in order to obtain the small whole-number ratio. 


= ——— Z — X 


Mass of hydrogen in Compound A 0.336 gH 1.33 3.4 
Mass of hydrogen in Compound B 0.252gH 1 3 3 


Dalton’s Atomic Theory 


Dalton’s work supported the concept that compounds were composed of atoms, and his discoveries prompted 
him to present a comprehensive atomic theory in the early nineteenth century. The postulates of atomic theory 
have been refined since Dalton’s original proposal, but the fundamental accuracy of most of his ideas has been 
verified experimentally. 


Dalton’s Atomic Theory 
= All matter is composed of atoms. 
= Atoms cannot be created or destroyed.* 
= The atoms of a given element are identical in mass, but different from other elements.** 
= Atoms combine in simple, whole-number ratios to form compounds. 
= Atoms are reorganized, not fundamentally changed, in chemical reactions. 


*It was later discovered that mass and energy could be interconverted in nuclear transformations. 


**D alton proposed that atoms of the same kind of element were identical. It was shown later, with mass 
spectrometry and the discovery of isotopes, that this was incorrect. 


Counting Particles: The Mole 


Atoms, molecules, and other submicroscopic particles are incomprehensibly small. They are so tiny that a special 
method is necessary to count them. Consider a tablespoon (roughly 15 mL) of water. At ambient temperature 
and pressure, that tablespoon contains on the order of 5 x 10” molecules of H,O. This enormous number cannot 
possibly be counted directly. The mole, which is the number of carbon atoms found in exactly 12 grams of 
carbon-12, is used to circumvent this problem. A mole, abbreviated “mol,” contains a number of particles equal 
to Avogadro’s constant, N,. It works just like “a dozen.” 


N, = 6.022 x 10” particles = 1 mole of particles 
Consider the following examples: 


1 mol of Na = 6.022 x 10” atoms of Na 
1 mol of H,O = 6.022 x 10” molecules of H,O 


These can be written as ratios for use in dimensional analysis, a technique by which units for a value are con- 
verted. The value to be converted is multiplied by unit factors. A unit factor is a ratio in which the numerator and 
denominator are equal. An expression can be multiplied by a unit factor without changing its value. 


From the equalities above, we can write the following unit factors: 


6.022 x 10” atoms of Na a 1 mol Na S 1 mol H,O 
1 mol Na 6.022 x 10” atoms of Na 6.022 x 10” molecules of H,O 
a 6.022 x 10” molecules of H,O 
1 mol H,O 
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In order to determine the number of sodium atoms in 0.150 mole of sodium, we multiply the number of moles of 
sodium by the unit factor that relates number of atoms to moles. 


6.022 x10” atoms of Na _ 
1 mol Na 
23 
WSO; mise a ee OMS CEN 290 ino aa 


1 metNa 


l 


PRACTICE: 


How many CO, molecules make up 1.5 moles of CO,? 


One mole of CO, = 6.022 x 10” molecules of CO,. In order to find the number of CO, molecules in 1.5 moles of 
CO,, the number of moles is multiplied by the unit factor relating moles of CO, to molecules of CO.. 


6.022 x 10” molecules CO, _ 
1 mol CO, 


23 
1.5 moL€O, x 6.022 x10" molecules CO, =90 0x 10” molecules CO, 


1 mole, 


l 


Atomic Weight and Molar Mass 


Macroscopic quantities such as mass and volume can be measured using such instruments as a balance and a 
graduated cylinder. Mass and volume can be related to the number of particles of a substance via the mole. 


Just as a dozen bowling balls weigh more than a dozen tennis balls, a mole of iron atoms weighs more than a 
mole of lithium atoms. The atomic weight is the average weight of a particular kind of atom in amu. It is a 
weighted average of the exact masses of the naturally occurring isotopes. The mass of one mole of atoms of an 
element in grams is called the molar mass. It has the same numerical value as its atomic weight and is expressed in 
g: mol”. It is used to convert mass, a quantity that can be measured in a laboratory, to moles. 


PRACTICE: 


Find the mass in grams of 1.0 x 10” atoms of sodium. 


The number of grams of sodium can be determined using the relationship between moles and number of atoms 
and using the atomic mass of sodium found on the periodic table. 


1 mol of Na = 6.022 x 10” atoms of Na 
1 mol of Na = 22.99 g Na 


We can multiply the number of sodium atoms by the appropriate unit factor ratios. 


1 metNa 22.99 g Na 
1.0x10” a X K LM 
ESNEK T atomsNa 1 metNa 


=3.8x10° g Na 


PRACTICE: 


What is the mass in grams of 0.15 mole of helium atoms? 
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The mass is determined by multiplying the number of moles of helium by the molar mass. 


ois netic eo 0 Gow te 


1 metHe 


The mass of a mole of molecules is given by the sum of the atomic weights of the constituent elements. In a mol- 
ecule of glucose, C,H,,0,, there are 6 carbon atoms, 6 oxygen atoms, and 12 hydrogen atoms. That means that in 
1 mole of glucose, there are 6 moles of carbon atoms, 6 moles of oxygen atoms, and 12 moles of hydrogen atoms. 
To determine the molar mass, M, or molecular weight for a compound or formula weight for an ionic formula, the 
number of moles of each element is multiplied by the atomic weight of that element. 


Suppose a student needs to determine the molar mass of glucose, C,H,,O,. There are 6 moles of carbon, 12 moles 
of hydrogen, and 6 moles of oxygen in each mole of C,H,,O,. 


M = _ 6 metC 12.01 g— + _ 2 meth 10lg) + 
“sHi2% | 1 mol C,H,,0, )\1 metC 1 mol C,H,,0, )\1 met 


6 metO 16.00 g ) 
1 mol C,H,,0, J| 1 merO 


2 g 
M 6 ,11,,0, = 180.18 — 


PRACTICE: 


Find the molar masses of the following compounds. 


(a) H,O 


(b) (NH,),PO, 
(c) CaSO, : 2 H,O 


(a) There are 2 moles of hydrogen atoms and 1 mole of oxygen atoms per mole of water. 


mo REI) 


: g 
Myo = 18.022—— 


(b) The parentheses indicate that there are three ammonium ions, NH}, for every phosphate ion, PO;. This means 
that there are 3 moles of nitrogen atoms, 12 moles of hydrogen atoms, 1 mole of phosphorus atoms, and 4 moles 
of oxygen atoms per mole of the formula. 


T E 3 mor N Gee 12 metH (E) 
(NH4)3PO, |1 mol (NH,),PO, | 1 moh ) | 1 mol (NH,),PO, |1 motí 
1 metP (221e); 4 moO (oe) 
1 mol (NH,),PO, )\ 1 metP 1 mol (NH,),PO, )\ 1 moO 


= 149,122 
mo 


M wu 4)3P0, 
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(c) This compound is a dihydrate. The prefix di- indicates that there are 2 water molecules associated with each 
calcium sulfate formula unit. 


M 


80, O Taarer) (Taeao: EG Tm) 


CaSO, -2H,O -(; mol CaSO, :2H,O }\ 1 meta 1 mol CaSO, :2H,O })\. 1 metS 


1 mol CaSO, :2H,O }\ 1 metO ) |1 mol CaSO, :2H,O })\ 1 morí 


g 
Mcaso, 21,0 = 172-18 —— 


Density 


Volume is another quantity that can be measured in a laboratory. The volume of a substance is related to the 
number of grams of that substance by its density, the mass of the substance per unit volume. 


mass 


Density = 
volume 


The density of PCI, is 1.57 g-mL™ near 25 °C. There are 1.57 grams of PCI, in every milliliter of PC1,. The density 
can be written as two different ratios that can be used in dimensional analysis. 


1.57 g PCl, wo l mL PCL _ 
I mL PCL — 1.57 g PCl, 


If a pipette is used to deliver 5.0 mL of PCl, to a reaction vessel, the number of grams that has been added is the 
product of the volume and the density. The mass can then be converted to moles using the molar mass. 


LST | mol PCI, 
5.0 m 1.57 BPE | _Imol PCl o 59 mol PCI, 


i “T m PEG * 137.32 gPer 


PRACTICE: 


A chemist needs to use 0.030 mole of Br, in a reaction. How many milliliters are required? The density 


of Br, is 3.01 g: mL”. 


The number of moles is first converted to grams. The density is then used to determine the volume. 


159.80 gB 
0.030 m S BE 


2X T moB 301 g Br, 


The densities of fluids dictate which immiscible (unable to mix) fluids will float on top of others. Vegetable oil is 
less dense than water, so it forms a layer above water in a container. It does not mix with water for reasons that 
will be reviewed in Big Idea 2 (Chapter 2, “Bonding and Intermolecular Forces”). 


Empirical and Molecular Formulas 


The molecular formula of a compound is the actual number of atoms of each element in a molecule or formula 
unit of that compound. The empirical formula of a compound is the lowest whole-number ratio of atoms in that 
compound. Sucrose, or table sugar, has a molecular formula of C,H,,O,. When each subscript is divided by six, 
the molecular formula simplifies to the empirical formula, CHO. 
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PRACTICE: 


The molecular formula of crotonic acid is C,H,O,. What is the empirical formula? 


Division of each of the subscripts in the formula by two gives the simplest possible whole-number ratio of the 
atoms in the formula, C,H,O. 


Empirical and Molecular Formula Determination 


Empirical formulas can be determined from the mass percent, or percent composition of a compound. Suppose a 
compound is found to be 54.5% carbon, 9.2% hydrogen, and 36.3% oxygen by mass. The molar mass of the com- 
pound is found to be 264.24 g- mol’. We can use this information to first determine empirical formula. 


A methodical approach to this type of problem is to first determine the number of moles of each element in 
100.0 grams of the compound. Any mass may be chosen, but 100.0 grams is a simple mass to work with because 
in 100.0 grams of the compound there are 54.5 grams of carbon, 9.2 grams of hydrogen, and 36.3 grams of oxy- 
gen. These masses are multiplied by atomic mass unit factors obtained from the periodic table. 


1 mol C 
ss gel imac |. 4.54 mol C 
1 mol H 
- |=9.1 mol H 
o2 par l } 9.1 mo 


I mol O 


363 go O ]- 2.27 mol O 


Next, find the simplest whole-number ratio by first dividing each number of moles by the smallest number. In this 
case, divide by 2.27 moles. 


4.54 mol C _ 
2.27 mol 
9.1 mol H S 
2.27 mol — 

2.27 mol O _ 
2.27mol — 


These integer values give an empirical formula of C,H,O. 


Now that the empirical formula has been determined, we can find the molecular formula using the molar mass 
of the compound and the empirical formula molar mass. The molar mass of the compound was given above: 
264.24 g: mol`. We must determine the molar mass of the empirical formula. 


F 2 mð 12.01 gC) | 4 met 1.01gH ), 1 moO eee 
C:H40 | | mol C,H,O || 1 met@ ) | 1 mol C,H,0 }\1 met "| 1 mol C,H,0 || 1 moO 


a g 
Mc yo = 44.06—— 


Next, the molar mass of the compound is divided by the empirical formula molar mass. 
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264.24 g -mol m 
44.06 g molt 


The subscripts in the empirical formula are multiplied by the result to give the molecular formula, C,,H,,O,. 


The AP Chemistry curriculum makes specific mention of the use of percent composition information to draw 
conclusions about the percent purity of a sample. It is very important to understand that any two compounds 
with the same empirical formula must have identical percent composition. 


PRACTICE: 


A research group discovers and purifies a small molecule from a marine plant species in the Caribbean 
Sea. It has an empirical formula of C,,H,,O,. They name it Caribbeanium. Another research group 
attempts to reproduce these results. They isolate a 0.892-mg sample that has the elemental 
composition shown in the table below. What conclusions can be drawn from these results regarding 
the identity and purity of the sample isolated by the second group? 


fo Tos 


If the sample isolated by the second group is a pure sample of Caribbeanium, the percent composition should 
match that of Caribbeanium. 


The percent composition of Caribbeanium is determined first. When using an empirical formula to determine 
percent composition, one method is to assume the number of grams of compound present is the same as the 
empirical molar mass. 


F _{ 10 metC 12.01 gC \ fu meor 1.01 gH 
C10H;;03 1 mol C „H,O, )\ 1 metC 1 mol C,,H,,0, )\1 metH 
af _ 2 metO___\(16.00g0 = 163.212 
1 mol C,,H,,0, }\ 1 moO mol 


The mass of each element present in 163.21 grams (1 mole) of Caribbeanium is 


10 metC 12.01 g C -120.10 gC 
1 mol C,,H,,0, J\ 1 metC 


11 motí 1.01 g H -11.11gH 
1 mol CHO, )\1 moti 

2 metO 16.00 g O = 32.00 gO 
1 mol C,,H,,O, J 1 moO 


17 


Chapter 1: Structure of Matter (Big Idea 1) 


The percent composition of Caribbeanium is 


120.10 # C 
Percent C = —————— Z x 100% = 73.6% C 
163.21 # C,,H,,0, 
11.11 gH 
Percent H = ————_———_ x 100% = 6.8% H 
163.21 ¢ C,,H,,0, 
32.00 £ O 
Percent O = x 100% = 19.6% O 


163.21 ¢ CH0, 
The percent composition of the unknown sample is determined and compared. 


0.573 mg C 
Percent C = ——_+—_ x 100% = 64.2% C 
0.892 mg unknown 


0.064 mg H 
Percent H = —_3———_ x 100% = 7.2% H 
0.892 mg unknown 


0.255 mg O 
Percent O = ———_——_ x 100% = 28.6% O 
0.892 mg unknown 


The percent composition of the sample isolated by the second group does not match that of Caribbeanium. Two 
conclusions may be drawn about the identity and purity of the unknown sample: 


1. The unknown sample may contain Caribbeanium, but if it does, it must also contain impurities that cause 
the percent composition to differ. 


2. The unknown sample may not contain Caribbeanium. No conclusion may be drawn about the purity of the 
sample if this is the case. 


Combustion Analysis 


In a combustion reaction, a compound reacts rapidly with oxygen while generating heat and light. 


Combustion analysis is a method for determining the percent composition and empirical formula of a compound. 
When the data from a combustion analysis are used in conjunction with molar mass information, the molecular 
formula of a compound can be determined. Mass spectrometry, a technique for determining the molar mass of a 
compound, will be discussed later in this chapter (page 48). 


In a combustion reaction of a hydrocarbon, a compound that contains carbon and hydrogen atoms bound 
together, carbon dioxide, CO,, and water vapor, H,O, are generated according to the equation below. 


C,H, +z O, > x CO, +5 H,O 


Although balancing chemical reactions is a topic that will be addressed in Big Idea 3 (Chapter 3, “Chemical 
Reactions”), there are two very important features of this reaction to note in the context of combustion analysis. 
First, the number of moles of carbon dioxide produced, x, is equal to the number of moles of carbon that were 
initially present in the sample. Second, the number of moles of H,O produced is equal to half the number of 
moles of hydrogen atoms, y, that were present in the original sample. (We will see in Chapter 3 that the 
coefficients must be multiplied by a factor to convert any fractional coefficients to the smallest possible whole 
numbers.) When oxygen atoms are present in the unknown compound, the difference between the mass of the 
original sample and the mass that can be attributed to carbon and hydrogen is equal to the mass of the oxygen in 
the sample. All the atoms in the reactants are also present in the products, and the law of conservation of mass is 
obeyed. 
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PRACTICE: 


An unknown compound contains only carbon, hydrogen, and oxygen. Combustion of a 30.0-gram 


sample of the compound in excess oxygen yields 80.1 grams of CO, and 12.6 grams of H,O. What is 
the empirical formula of the compound? 


The number of moles of carbon in the original sample can be determined from the grams of CO, obtained. The 
number of moles of hydrogen can be determined from the mass of water. 


l m 
moles of carbon = 80.1 gCo; x TaN. x wee = 1.82 mol C 
44.01 gCo; 1 moleo, 


1 mol #50, 2 mol H 
moles of hydrogen = 12.6 g H5O x ———___ x ———__ _ = 1.40 mol H 
PRE "18.02 gO 1 mol H;0 


The masses of carbon and hydrogen can be used to find the mass of oxygen in the sample since the total mass is 
known. 


12.01 g C 
mass of carbon = 1.82 metC x ——==— =21.9 g C 
LmotC 
1.01g H 
mass of hydrogen = 1.40 metH x one =141¢H 


1 motí 


Total mass of sample = mass of carbon + mass of hydrogen + mass of oxygen 
30.0 g = 21.9 g + 1.41 g + mass of oxygen 


Mass of oxygen = 6.7 g 


The mass of oxygen is used to find the number of moles of oxygen in the sample. 


ee = 0.42 mol O 
16.00 gO 


The final step in determining the empirical formula is division of the number of moles of each element by the 
smallest number of moles. 


moles of oxygen = 6.7 gO x 


Carbon: oe = 4,33 
0.42 


1.40 
Hydrogen: —— = 3.33 
Pe AS 


0.42 
Ge = a 
“YE J42 


The number 0.33 should be recognized as X so the simplest ratio can be determined by multiplying each 
number by 3. 3 


Carbon: 4.33x3=13 
Hydrogen: 3.33x3=10 
Oxygen: 1x3=3 


The empirical formula, therefore, is C,,H,,O3. 
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The Evolution of Scientific Models 


Scientific models are based on experimental evidence and are refined over time as new data becomes available. 
Chemists’ understanding of the structure of the atom has changed dramatically since Dalton published his 
atomic theory in 1808. At that time, Dalton imagined the atom to be an indivisible particle, not unlike a small 
marble. Subsequent discoveries and observations led to the adaptation of scientists’ model of the internal 
structure of the atom. The history of the atomic model is used here to illustrate how a scientific model evolves 
to reflect new experimental results. 


The Discovery of the Electron 


In the 1890s, J. J. Thomson, a physicist working with cathode ray tubes, noticed that when a voltage was applied 
to a low-pressure sample of gas, a beam of light was generated. When a magnet or charged plates were placed 
near the tube, the beam could be moved around inside the glass. By studying how cathode rays were deflected in a 
magnetic field, Thomson deduced that the beam was comprised of electrons, negatively charged subatomic parti- 
cles that were components of atoms. 


Cathode Ray Tube 


Electron beam 
(known historically as a “cathode ray”) 


Anode (+) Charged metal plate (+) 


Thomson’s cathode ray experiments enabled him to determine the mass-to-charge ratio for an electron. His work 
led to a revision of the marblelike model of the atom. In this “plum pudding model,” the electrons were envisioned 
as being suspended in a sphere of positively charged mass like blueberries suspended in a muffin. 


The “Plum Pudding Model” of the Atom 
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The Thomson model of the atom was refined again in 1909 with the determination of the mass of the electron by 
Robert Millikan. In his famous oil drop experiment, he calculated the mass of a single electron by measuring the 
voltage required to suspend a charged oil droplet between two charged plates. 


The Nuclear Atom 


A milestone in scientists’ understanding of the internal structure of the atom was reached in 1911 with Ernest 
Rutherford’s work with alpha particles. When Rutherford directed a beam of alpha particles (particles composed 
of two protons and two neutrons) from a radioactive source at a thin sheet of gold foil, the vast majority of the 
alpha particles passed through the atoms. Surprisingly, a small fraction of the alpha particles were deflected. 
Rutherford reasoned that there must be a very small, dense, positively charged nucleus at the center of the elec- 
tron cloud of the atom. 


The Rutherford Gold Foil Experiment 


Gold foil Devesed 
g Gold nucleus 
a-particle 


Detection screen 


The accounts of the discoveries of electrons and the nucleus serve to illustrate an important point. A scientific 
model such as that of the atom is a representation that best reflects all the known experimental information. 

A model is not necessarily static; it is continually evolving to incorporate additional data as it becomes available. 
This point is emphasized in the AP Chemistry curriculum. 


The Quantum Nature of the Atom 


The model of the atom following Rutherford’s discovery was one in which the electrons orbited the nucleus in 
elliptical paths like planets orbiting a star. The structure of the atom is currently understood to be a more 
complicated picture of electrons behaving as waves. At the AP Chemistry level, electronic orbitals can be 
visualized as three-dimensional regions surrounding the nucleus where the probability of finding an electron 
is high. They are not elliptical. Instead, orbitals are understood to be shaped like diffuse spheres, petals, and 
donuts. This section will briefly review the evolution of the atomic model from the Rutherford solar system 
description to the current quantum mechanical understanding. 
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Electromagnetic Radiation 


Electromagnetic radiation played a crucial role in shaping current ideas of atomic structure. Electromagnetic 
radiation is radiant energy that is composed of oscillating electric and magnetic fields. Visible light, radio waves, 
X-rays, gamma rays, and ultraviolet and infrared radiation are all electromagnetic radiation. It is both wavelike and 
particlelike in nature. A photon is a unit of electromagnetic radiation that has a quantum, or fixed amount, of energy. 


Electromagnetic radiation can be described in terms of its frequency, wavelength, speed, amplitude, and energy. 
The wavelength, À, is the distance between two consecutive crests or troughs. The amplitude is the distance from 
crest to trough. 


Wavelength and Amplitude 


Wavelength (A) 


/\ 


Amplitude 4 


Electromagnetic radiation can have a continuous spectrum of wavelengths, but the common units for wavelengths 
of visible light are the nanometer (1 nm = 10° m) and the Angstrom (1 A = 10™ m). 


The frequency of a wave, v, is the number of waves that pass a fixed point in space per second. The units of 
frequency are hertz (abbreviated Hz). Hertz are cycles per second, also represented as s”. 


All electromagnetic radiation travels at the speed of light, c, and this speed is related to the wavelength and 
frequency. This equation, in addition to the value for the speed of light, is included on the 4P Chemistry 
Equations and Constants sheet (pages 365-366). 


c=kv 


c = 2.998 x 10° m: s” 


It follows that wavelength and frequency are inversely proportional. The higher the frequency, the shorter the 
wavelength. 


PRACTICE: 


Find the frequency of an infrared photon that has a wavelength of 750 nm. 


The equation for the speed of light (c = AV) can be rearranged to solve for frequency. 


c 2.998x10° aí -s™ 10 mh 


= $$ X¥ ——— = 4.010" 8 
A 750 prt 1 wf 


The energy, E, of a photon is related to its frequency by the Planck relation and Planck’s constant, 
h = 6.626 x 10“ J- s”. Both the energy equation and the value of Planck’s constant are provided on the exam. 


E= hv 
Substitution for v gives the relationship between the energy, the wavelength, and the speed of light. 


_he 


À 


E 


The energy of a photon is directly proportional to the frequency and inversely proportional to the wavelength. 
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PRACTICE: 


What is the energy of a photon that has a wavelength of 620 nm? 


The energy can be found using the Planck relationship. 


p he _ (6.626 x 10™%J. £)(2.998x 10° m51) 10° a 


=3.2x10 J 
A 620 nm 1 wt 


The electromagnetic spectrum should be remembered in terms of the energy ranking of the classifications 
of electromagnetic radiation. Memorization of specific wavelengths or frequencies is not necessary, but 
students should know the order of decreasing energy (increasing wavelength) of electromagnetic radiation. 


Gamma rays < X-rays < Ultraviolet < Visible < Infrared < Microwaves < Radio 


(highest energy, lowest /) (lowest energy, highest /) 


The Electromagnetic Spectrum 


Wavelength, A (m) 


N — © 
— — — ON o0 ™ Ko) N T cy N —_ 

| | | | | | | | | | | =] = 
© © © © © © © © © © © © © © 
i hamn! hamn! hamn! hamn! haman! — — — — m m i — 


Gamma rays X-rays Ultraviolet 


Increasing frequency 


<< 


Decreasing frequency 


> 


Visible 


Increasing energy Decreasing energy 


400 nm |; 750 nm 


In the sections and chapters that follow, the chemistry applications of several of these classes of electromagnetic 
radiation will be reviewed. 
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Emission and Absorption Spectra: The Bohr Model of the Atom 


The study of the emission of ultraviolet and visible light by excited hydrogen atoms was the foundation for the 
quantum mechanical model of the atom. When white light, which is comprised of the continuous spectrum of 
visible wavelengths, is passed through a prism, it is separated into a rainbow of wavelengths. 


Separation of White Light into the Visible Spectrum 


White light 
source 


R | 750 nm 
O 
Y 
G 
B 
I 
i 400 nm 


When a high voltage is applied across a sample of hydrogen gas in a discharge tube, the hydrogen atoms are 
excited. This means that they are in a high-energy state. These excited hydrogen atoms emit light as they relax to 
lower-energy states. When the light emitted by hydrogen is passed through a prism, only discrete wavelengths are 
observed. These wavelengths comprise the emission spectrum of hydrogen. 


The Hydrogen Emission Spectrum 


@ 
656 nm 
O 


486 nm 


434 nm 
410 nm 


Furthermore, when white light is passed through a sample of hydrogen gas, some of the wavelengths are 
absorbed. The missing wavelengths in the light that emerges from the sample coincide exactly with the wave- 
lengths that are produced in the emission spectrum. The spectrum in which the absorbed frequencies are absent is 
called the absorption spectrum of hydrogen. 
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The Hydrogen Absorption Spectrum 


White light 
source 


656 nm 


486 nm 


434 nm 
410 nm 


The Bohr model of the atom, presented in 1913 by Danish physicist Niels Bohr, is a quantum model that provides 
an explanation for the absorption and emission spectra of hydrogen. According to the Bohr model, an electron 
orbits the nucleus in a fixed, circular path. Orbits are only located at discrete distances from the nucleus, and each 
orbit has an associated energy. In other words, the energy is quantized. The electrons orbiting the nucleus either 
occupy the lowest-energy ground state, n = 1, which is the configuration closest to the nucleus, or they occupy an 
excited, higher-energy state, n = 2, 3, 4,...00. The positive integer, n, is called the principal quantum number, and it 
describes the main energy level than an electron occupies. 


When the electron in the ground state of a hydrogen atom is excited by an applied voltage, it is promoted to a 
higher-energy level. The electron relaxes back to the ground state, and the transition gives off a photon that is 
equal in energy to the energy difference between the excited state and a lower-energy state. Since only certain 
energies are allowed, this accounts for the characteristic wavelengths that are observed in the emission spectrum 
of hydrogen. 


The Bohr Model of a Hydrogen Atom: Atomic Emission 


+Z 


The absorption spectrum is generated when the hydrogen electron absorbs a photon with an energy exactly equal 
to the difference in energy between two levels. The light that passes through the sample is missing the wavelengths 
that correspond to photons that are absorbed. 
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The Bohr Model of a Hydrogen Atom: Atomic Absorption 
+Z 


Higher-energy levels in a hydrogen atom become increasingly close in energy. In other words, the energy 
difference between the n = 2 level and the n = 3 level is less than the energy difference between the n = 1 and n = 2 


energy levels. 


Transitions from higher-energy levels to the n = 1 energy level emit wavelengths in the ultraviolet region of the 
electromagnetic spectrum. This set of spectral lines is referred to as the Lyman series. Transitions from 
higher-energy levels to the n = 2 level emit lower-energy wavelengths. These are referred to as the Balmer series, 


and four of these lines are in the visible region of the spectrum. 


Characteristic Wavelengths in the Hydrogen Emission Spectrum 


Balmer Series Lyman Series 


——— Tl 


ig n=1 


397 nm 


410 nm (red) 
434 nm (blue) 
410 nm (violet) 


486 nm (blue-green) 


97 nm 
95 nm 
94 nm 


122 nm 
103 nm 
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The Bohr model works well for the electronic energy transitions in hydrogen, but it does not work when applied 
to atoms with more than one electron. The problem is that electrons do not orbit the nucleus in fixed circular or 
elliptical orbits. The circular orbit picture is based on classical mechanics, which describe the motion of large 
objects such as projectiles, roller coasters, and planets. An acceleration in classical mechanics is a change in the 
speed or direction of an object in motion. An orbiting electron would be in a continuous state of acceleration due 
to its circular path, and so it would be expected to constantly emit electromagnetic radiation. In this way, it would 
lose energy and spiral into the nucleus. Because this does not happen, it is clear that the Bohr model is not fully 
correct, although it is still a useful model of the quantization of electronic energy in single-electron atoms. 


The Quantum Mechanical Atom 


A complete revolution in atomic theory occurred in the 1920s with the development of quantum mechanics, the 
study of the energy and motion of subatomic particles. Quantum mechanical descriptions are applied to very 
small particles that can only exist in certain energy states and can change their energy by absorbing or emitting 
electromagnetic radiation. The energies and positions of electrons in atoms are described by wave functions. 
Wave functions are solutions to the Schrédinger equation, a mathematical model of electronic motion that was 
based on the treatment of electrons as waves. Wave functions describe atomic orbitals. Each atomic orbital is 
composed of a maximum of two electrons. 


For each wave function, there is a certain probability of finding an electron at a certain distance from the nucleus. 
The squares of the wave functions are related to the probability of finding an electron in each point in space 
surrounding the nucleus. 


The lowest-energy atomic orbitals in each main energy level, or shell, beginning with n = 1, are the s orbitals. 

S orbitals are spherically symmetrical orbitals surrounding the nucleus. It should be noticed that the radius at 
which the electron has the highest probability of existing increases with the energy of the electron. As the principal 
energy level of the electron increases, so does the number of nodes, or regions at which the electron has zero prob- 
ability of existing. 


27 


Chapter 1: Structure of Matter (Big Idea 1) 


Electron Density Distributions for s Orbitals 


25 node 
35 | 


Radial Probability 


radius radius radius 


The second principal energy level, n = 2, contains an s orbital and three p orbitals, p,, p,, and p,. The p orbitals are 
oriented along x, y, and z axes with respect to one another and are shaped like two equal-sized balloons tied 
together at their ends. Since each orbital is composed of a maximum of two electrons, the entire n = 2 shell can 
contain a maximum of eight electrons (two electrons in the s orbital and a total of six in the p orbitals). 


Each shell beginning with n = 3 has a set of five d orbitals. The d orbitals are either shaped like four equal-sized 
balloons tied together at their ends (a three-dimensional four-leaf clover) or, as in the case of the d» orbital, like 
two equal-sized balloons surrounded by a donut-shaped region. 


28 


Chapter 1: Structure of Matter (Big Idea 1) 


The Shapes of Atomic Orbitals 


7 
a 


dy. d doy d2 


The f orbitals have complicated shapes and names. Students will not need to know the shapes or names of the 
f orbitals for the AP Chemistry exam. They will only need to know that there are seven f orbitals in each shell, 
starting with n = 4. 


Each type of orbital designation, s, p, d, or f, present within a shell represents a subshell or sublevel. Then number 
of subshells within a particular shell is equal to the shell number, n. The number of orbitals in the shell is equal to 
n’, and the total possible number of electrons in a shell is equal to 2n’. 


This pattern is summarized below. 


Total Possible 
Number of 
Number of Number of Orbitals | Electrons in the 
Shell, | Present Subshells (7) in the Shell (n°) Shell (27’) 


uo (s and p) 4 
S 2P, 2p, 


35 3 (s, p, and d) 18 
IP IP, IP, 
3dyy, 3dyc, Ideg 3d,2_ 95 Ida 


4s 4 (s, p, d, and f) 16 32 
Ap... 4p,, Ap. 

4dxy,4dyz,4dyz, 4d > Ez 4d > 

4f ora (There are seven r orbitals, 

for a maximum total of 14 electrons 

in the 4f subshell.) 
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Electron Configuration and Periodicity 


The electron configuration of an atom provides a shorthand description of the energies and positions of the 
atom’s electrons. Electron configurations can often be written by following the periods of the periodic table from 
left to right and from top to bottom. As can be seen from the diagram of the periodic table below, the order of 
filling is as follows: 


15°2s°2p°35°3p°4s°3d'°4p°5s°4d'°5p°6s°4f'45d'6p°7s°5f"6d"° 


The Aufbau Principle 


According to the aufbau principle, each electron in a ground state atom occupies the lowest-energy available 
orbital. The order of orbital filling for many atoms can easily be remembered by dividing the periodic table into 
the s block, the p block, the d block, and the f block. 


The s, p, d, and f Blocks of the Periodic Table 


d-block 


A hydrogen atom’s single electron is in the lowest-energy (n = 1) s orbital in the ground state. The electron 
configuration for the ground state of hydrogen is 1s', where the superscript denotes the number of electrons 
occupying the orbital. A helium atom has two electrons in the n = 1 shell. The electron configuration of helium is 
1s°. A neutral atom of lithium has three electrons. In the ground state, two of the electrons are in the n = 1 shell 
and one is in the n = 2 shell. The electron configuration of lithium is 15°25’. 


Suppose we would like to write the electron configuration for the ground state of arsenic. Arsenic is located in the 
third row of the p block of the periodic table, as shown below. Counting hydrogen and helium gives 1s*. Next are 
lithium and beryllium: 23°. Continued counting in order of atomic number from boron through zinc results in 2p° 
35°3p°4s°3d"°. Arsenic is the third element in the 4p sublevel, so the last three electrons are designated 4p’. The full 
electron configuration for arsenic is 15’2s°2p°3s°3p°4s°3d'°4p’. (In order to emphasize the increase in orbital energy 
as a function of the main energy level, some teachers prefer the following grouping: 15’2s’2p°3s°3p°3d'°4s"4p’. 
Both configurations will earn credit on the AP Chemistry exam.) 
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The Electron Configuration of Arsenic Based on Periodic Table Position 


There are exceptions to this filling order. Students are not required to write electron configurations on the AP 
Chemistry exam for elements that do not follow this pattern, but they should recognize when an electron 
configuration does not follow the conventional order and understand why these deviations occur. To illustrate, 
the electron configuration of copper is expected to be 15°2s’2p°3s°3p°4s*3d’. Instead, the actual configuration of 
copper is 15°25°2p°35°3p°4s'3d"". An element’s order of orbital filling is the electronic arrangement that minimizes 
electron-electron repulsions and achieves the lowest-energy configuration overall. 


Noble gas notation is a shorthand method of writing electron configurations. For noble gas notation, the symbol 
of the previous noble gas is written in brackets, and then the electron configuration is continued. The noble gas 
configuration for the arsenic example is [Ar]4s°3d'°4p’. 


PRACTICE: 


Write the full electron configuration and the noble gas notation configuration of the ground state of 
cobalt, Co. 


Cobalt is found in the fourth period of the table. The full notation is 15°2s’2p°3s’3p°4s°3d’. Counting back to the 
previous noble gas, argon, gives the noble gas configuration [Ar]4s*3d’. 


Hund’s Rule and the Pauli Exclusion Principle 


Electron configurations can be represented using orbital notation in which the electrons are depicted by arrows. 
Two electrons in an orbital must spin in opposite directions. Arrows pointing up and down denote spin-up and 
spin-down electrons, respectively. The orbital notation for oxygen is shown below. 


Oxygen Orbital Notation 
ls 2s 2p 


This example illustrates both Hund’s rule and the Pauli Exclusion Principle. Hund’s rule states that in the ground 
State, electrons occupy each orbital in a subshell singly before pairing up. In addition, the first electrons in the 
separate orbitals of a subshell have parallel spins. In other words, each orbital of a subshell is occupied by a spin- 
up electron before any orbital in the subshell gets a spin-down electron. 


According to the Pauli Exclusion Principle, a single orbital cannot hold two spin-up or two spin-down electrons. 
A pair of electrons may only exist together in an orbital if they have opposite spins. 
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PRACTICE: 


Write the electron configuration for sulfur using orbital notation. 


The electron configuration for sulfur is 15°2s’2p°3s"3p*. 


Exceptions to the aufbau principle and Hund’s rule occur when an electron is in an excited state, or higher-energy 
state. Below, carbon is shown in two excited states. The first is a violation of the aufbau principle and the second 
is a violation of Hund’s rule. 


Excited States of Carbon 


Aufbau principle violation 
28 2p 


ls 


| | Hund’s rule violation 
Is 25 2p 


Violations of the Pauli Exclusion Principle are forbidden. 
PRACTICE: 
Which of the following is a ground state, which is an excited state, and which is forbidden? 


(a) 1s°2s°2p” 


(b) 15°2s°2p73s° 
(c) 1s°2s'2p° 


(a) The configuration 15°2s°2p” is in the ground state. The aufbau principle and the Pauli Exclusion Principle are 
presumably obeyed. 


(b) The configuration 15°2s°2p73s° is forbidden. The 3s orbital holds more than two electrons, so the Pauli 
Exclusion Principle is violated. 


(c) The configuration 15°2s'2p° is an excited state since one of the electrons in the 2s sublevel has been promoted 
to the 2p sublevel. The Pauli Exclusion Principle is presumably obeyed. 


Magnetism 


A spinning charged particle such as an electron has an associated magnetic moment. The behavior of elements in 
a magnetic field can be predicted based on electron configuration. There are three types of magnetism to be 
aware of: ferromagnetism, paramagnetism, and diamagnetism. 
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Ferromagnetism is permanent magnetism exhibited by some solid metals. Iron, nickel, and cobalt are ferromag- 
netic elements. The presence of an external magnetic field magnetizes a ferromagnetic sample by aligning the 
spins of the electrons. The spins remain aligned and the sample remains magnetized when the external magnetic 
field is removed. 


Paramagnetic substances are those that contain unpaired electrons in one or more orbitals. When a paramagnetic 
element is placed in an external magnetic field, the spins of its electrons align with the field. When the magnetic 
field is removed, the electron spins become random and the element’s magnetism is lost. 


Diamagnetic elements are those that are repelled by a magnetic field. These elements do not have unpaired 
electrons. 


PRACTICE: 


Predict whether atoms of zinc are paramagnetic or diamagnetic. 


The first step in making this prediction is to write the electron configuration of zinc: [Ar]4s*3d'°. Orbital notation 
for zinc is written as follows. 


ls 2s 2p 35 3p 4s 3d 
Since there are no unpaired electrons in zinc, it is a diamagnetic element. 


PRACTICE: 


ls 2s 2p 38 3p 4s 3d 


There are five unpaired electrons in the 3d orbital of manganese, so it is a paramagnetic element. 


The Periodic Table 


The periodic table was first arranged by Dmitri Mendeleev in 1869. He systematically organized the elements 
according to atomic weight and realized that there was a regular, periodic repetition of the chemical and physical 
properties of the elements. Mendeleev even left spaces in the periodic table for elements that had yet to be 
discovered. This regular repetition of properties is called the periodic law. In the twentieth century, Henry 
Moseley reorganized the periodic table by atomic number. It is now understood that the regular repetition of 
properties, or periodicity, of the elements is a consequence of the electron configurations of the elements. 


The general layout of the periodic table, including the locations of the metals, nonmetals, and metalloids, should 
be very familiar to AP Chemistry students. 


Horizontal rows on the periodic table are referred to as periods. 
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Nonmetals 


General Layout of the Periodic Table 


Metalloids 


The properties of any element on the periodic table are a direct consequence of that element’s electron configura- 
tion. Electron configurations of the elements in groups (vertical columns) of the periodic table are similar, so the 
elements in a group may display similar chemical properties. Groups on the periodic table are also referred to as 


families. 


Tip: The group numbers do not appear on the periodic table that is provided with the AP Chemistry exam. 
Students should be familiar with the main group layout of the periodic table. (The Roman numerals do not 


need to be memorized for the transition metals.) 


The Locations of Main Groups, Transition Metals, and Inner Transition Metals 


IA HA INA IVA VA VIA VIA VITA 
1 18 
2 13 14 15 16 17 


IIB IVB VB VIBVIIB ----IIB 
3 4 5 6 7 9 


Chalcogens 
Halogens 
Noble Gases 


Transition Metals 


Alkali Metals 
Alkaline Earth Metals 
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The main groups are groups 1, 2, and 13 through 18. The older designations for these groups are IA, ITA, and 
IIIA through VIIIA. Elements within the same main group have the same number of valence electrons. The 
valence electrons are the electrons in the outermost shell of an atom. These valence electrons are responsible for 
the reactivity of the elements. For example, a neutral atom of phosphorus has an electron configuration of 1572s? 
2p°3s°3p’. Phosphorus has five electrons in the highest energy level (n = 3). 


PRACTICE: 


How many valence electrons are in a neutral atom of silicon? 


The electron configuration of silicon is 15°2s’2p°3s°3p’. The total number of electrons in the n = 3 shell is four. 


The groups and their properties are summarized below. 


Valence Electron 
Group Configuration Elements Characteristics 


1 (IA) ns' forn>2 Li, Na, K, Rb, Cs, Fr | Highly reactive elements that tend to 

Alkali metals lose a single electron to form M* 
ions with noble gas electron 
configurations. This tendency 
increases down the group. 


2 (IIA) ns forn>2 Be, Mg, Ca, Sr, Ba, Ra | Less reactive than the alkali metals. 

Alkaline earth metals Tend to lose two electrons to form 
M” ions with noble gas electron 
configurations. This tendency 
increases down the group. 


16 (VIA) ns np’ for n> 2 O, S, Se, Te, Po Tend to gain two electrons to form 

Chalcogens X% ions with noble gas. This 
tendency decreases down the group. 
Form a large variety of molecular 
compounds with nonmetals. 


17 (VIIA) ns np” forn2=2 F, Cl, Br, I, At Tend to gain one electron to form X- 

Halogens ions. This tendency decreases down 
the group. Form diatomic molecules, 
X,, but are not found in elemental 
form in nature due to their high 
reactivity. 

18 (VIIA) ns np° forn>2 He, Ne, Ar, Kr, Xe, Rn | Do not usually form compounds 

Noble gases (1s° for helium) except under special conditions. 
They exist in their monatomic form 
in nature. 


Certain elements always occur as diatomic molecules, X,. These are H,, N,, O,, F,, Cl, Br,, and I; the locations 
of these elements on the periodic table can be used to memorize them. 


The most stable electron configuration for many main group atoms is a noble gas configuration, either 1s° or 
ns’np°. When the main group elements form ions, as shown in the table below, they lose or gain electrons as 
necessary to achieve this electron configuration. 
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Electron Configurations of Common Main Group Ions 


IA VITA 
2 15 16 17 


HA VA VIA VIIA 
152 
N3- 
152 


H+ 


Lit 
1s2 


He 
Be2+ O2- E Ne 
2s22p® | 2522p%| 2s22p6 | 2s22p6 
M g2+ r 
2522p 
r 
e 


p3 S2- Cr A 
3523p® | 3523p% | 3523p® | 35236 

K+ | Ca? Se- | Br| K 
3523p | 3523p 45246 | 45246 | 4524p6 

i X 
5s25p® | 5s25p6 


Rn 
6s26p6 


Rb+ Sr2+ 
4s24p® | 4524p6 
st 


C Ba2+ 
5s25p® | 5s25p6 


Frt Ra2+ 
6s26p® | 6s26p® 


The transition metals make up the d block of the periodic table. Transition metals generally lose electrons to form 
cations, but ionization patterns for the transition metals are not as regular and predictable as they are for the 
main group elements. From left to right across a period, electrons are being added to an inner shell rather than to 
an outer shell, so the transition metals do not demonstrate the striking group characteristics that the main group 
elements display. In addition, many transition metals can have more than one oxidation state. For instance, when 
copper ionizes, it can form either Cu* or Cu”. 


Cobalt, for example, can form either Co” cations or Co™ cations. The s electrons, which are highest in energy, 
are lost. 


Electron configuration of Co”: [Ar]4s73d’ 
Electron configuration of Co”: [Ar]3d’ 
Electron configuration of Co**: [Ar]3a@ 


PRACTICE: 


Anions with a —2 charge are most likely to be formed from which main group elements on the periodic 
table? 


When elements with the electron configuration ns’np* gain two electrons, they achieve a noble gas configuration 
(ns’np*), so the main group elements are most likely to be the chalcogens (group VIA). 


Periodic Trends 


Trends in atomic properties are rationalized using coulombic arguments. Shielding and effective nuclear charge 
are key ideas that students should be comfortable using in their discussions of the periodic trends. A trend itself 
should never be offered as an explanation for observed properties. 
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According to Coulomb’s law, the energy required to remove an electron from an atom is proportional to the prod- 
uct of the charge of the electron and the effective nuclear charge, and inversely proportional to the distance from 
the nucleus to the electron. 


= 2182 
r 


E 


In this equation, q, and q, are the charge of the electron and the effective nuclear charge, and r is the distance 
between the charges. The higher the effective nuclear charge, the more energy is required to remove the oppositely 
charged electron. Electrons that are more distant from the nucleus require less energy to remove. 


Shielding from nuclear attraction accounts for the ease with which a valence electron is removed from a neutral 
atom when compared with that of an inner shell electrons, or core electrons. Since like charges repel, electrons 
experience repulsion from one another. The larger the number of core electrons between a valence electron and 
the nucleus, the easier the valence electron is to remove because it is shielded from the positive charge of the 
nucleus by the core electrons. 


PRACTICE: 


Which electron in phosphorus is easier to remove from the atom, a 2p electron or a 3p electron? 


Two effects make the 3p electron easier to remove than the 2p electron. The 3p electron is more distant from the 
nucleus than the 2p electron, so the 3p electron experiences less coulombic attraction to the nucleus and requires 
less energy to remove. The second effect is that of shielding. The 2p electron is shielded from the nucleus by the 
n = | shell, but the 3p electron is shielded by both the n = 1 and the n = 2 shells. For this reason, also, the 3p 
electron experiences less coulombic attraction to the nucleus and is easier to remove. 


Effective nuclear charge, Z,,, is the apparent nuclear charge experienced by an electron after inner shell electron 
repulsions have been accounted for. It is the difference between the atomic number, Z, and the number of inner 


shell electrons or core electrons. 


Z y= Z- (number of core electrons) 


PRACTICE: 


What is the effective nuclear charge experienced by a valence electron in a phosphorus atom? 


The atomic number of phosphorus, Z, is 15. The core electrons are in the n = 1 and n = 2 shells. This is a total of 
10 core electrons. The effective nuclear charge experienced by the n = 3 electrons is 


Z 1531055 


As we have seen, shells are further divided into subshells. For atoms with multiple electrons, the subshells within 
a Shell have slightly different energies. This can be understood in terms of the penetration effect. A comparison 
of the radial distributions of orbitals within the second shell shows that the 2s electrons penetrate the cloud of 
ls core electrons more than the 2p electrons. Due to their greater penetration and greater degree of exposure to 
the positive charge of the nucleus, the 2s electrons experience more attraction to the nucleus and are slightly 
lower in energy than the 2p electrons. 
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Orbital Penetration 
> 
= ls 
D 
3 
a 
O 
[= 
Pi 2S 
3 
E ra 
ee 2p 


Increasing Distance from the Nucleus 


This pattern holds true for the d and fsubshells, too. The p subshell electrons experience a greater coulombic 
attraction to the nucleus and are lower in energy than the d subshell electrons in the same shell due to a higher 
degree of penetration. Likewise, the d subshell electrons are lower in energy than the f subshell electrons in the 
same shell. 


lonization Energy 


The energy required to remove the highest-energy outermost electron from an atom in the gas phase to form a +1 
cation, as represented in the equation below, is called the first ionization energy, JE. 


X(g) > X*(g) te IE, 


Across a period on the periodic table, first ionization energy tends to increase. Increased effective nuclear charge 
going from left to right causes a greater coulombic attraction between the electrons and the nucleus. 


Down a group, ionization energy tends to decrease. The highest-energy electrons occupy increasingly higher shells. 
With a greater number of shells shielding the valence electrons from the nucleus, more electron-electron repulsion 
and less nuclear attraction is experienced by the outermost electrons. Additionally, the distance of the outermost 

electrons from the nucleus increases down a group, so the energy required to remove these electrons decreases. 


First Ionization Energy 


2500 
He 


Ne 
2000 
1000 i 


5001-45 


First Ionization Energy (kJ - mol’) 


Na 


Ht 


10 20 30 40 50 
Atomic Number 
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PRACTICE: 


Would the expected first ionization energy be higher for sodium or potassium? 


Sodium would be expected to have a higher ionization energy because its outermost electrons are less shielded 
from the positively charged nucleus than those of potassium, making them harder to remove. In addition, 
sodium’s outermost electrons are in the n = 2 shell (compared to the n = 3 shell for potassium), so they are closer 
to the nucleus and subject to higher coulombic attraction. The effective nuclear charge is the same for sodium and 
potassium, so Z,,.is inconsequential in this situation. 


The energies required to remove subsequent electrons to form +2 and +3 cations are called second and third 
ionization energies. After the atom loses one electron, subsequent ionizations become increasingly difficult 
because of decreased electronic repulsion and increased attraction of the remaining electrons to the positively 
charged nucleus. Ionization energies increase substantially as more and more electrons are removed. 


The equations for second and third ionization energies, IE, and JE,, are given by 


X*(g) > X*(¢)+e IE, 
X"*(g) > X” (@)+e IE, 


Notice the increases in subsequent ionization energies in the ionization data for the first five elements, shown in 
the table below. Also, if we compare the effect of shells on ionization energy, we see that removal of an electron 
from a core configuration requires substantially more energy than electrons that occupied a higher-energy shell. 


Consider helium, for instance. The second ionization energy is a little over two times the first. It requires more 
energy to remove a second electron from a positively charged He* ion. 


For lithium and other elements with electrons in higher shells, the additional effect can be seen. The second 
ionization energy for lithium is fourteen times the first. Not only does it require more energy to remove a second 
electron from an already positively charged lithium ion, the energy increase is substantial because the second 
electron is being removed from a noble gas core electron configuration. 


Ionization Energies (kJ + mol’) 


u a 1297 usio | o o 
Be 8991757 14,845 [21000 | 
B jso | 2426 3659 25,020 | 32,820 


PRACTICE: 


Consider the first four ionization energies below for an unknown element. To what group of the 
periodic table does the element likely belong? 


Ionization Energies (kJ mol’) 
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The second ionization energy is about two times the first ionization energy for this element. The third ionization 
energy is more than five times the second ionization energy. The fourth ionization energy is less than twice the 
third ionization energy. The relatively large increase between JE, and JE, indicates that after the second ioniza- 
tion, a noble gas core electron configuration has been achieved. This indicates that the element is probably a 
member of group IIA. (Indeed, the data is for magnesium.) 


Electron Affinity 


Electron affinity is the energy released upon the addition of an electron to an atom in the gas phase according to 
the following equation. 


X(g) +e >X (2) 


The more negative the electron affinity, the more energy is released when the electron combines with the atom. 
In other words, the more negative the electron affinity, the more easily the electron is added to the atom. The 
trend is not as pronounced as that for ionization energy, but the explanation may be provided using similar 
arguments. 


Across a period on the periodic table, electron affinity generally tends to become more negative. Increased effec- 
tive nuclear charge from left to right across the period increases the coulombic attraction between the electrons 
and the nucleus, so electrons are added more easily. 


Down a group, electron affinity becomes less negative. (The addition of an electron becomes less favorable.) 
Down a group, electrons are being added to increasingly higher shells. With a greater number of shells between 
the outermost electrons and the nucleus, shielding is increased. More electron-electron repulsion and less nuclear 
attraction is experienced by the outermost electrons. The distance of the outermost electrons from the nucleus is 
again increasing, causing a decrease in coulombic attraction. 


Electron Affinity 


Electron Affinity (kJ - mol!) 


Atomic Number 


PRACTICE: 


Is more energy released with the addition of an electron to a fluorine atom or to an oxygen atom? 


Adding an electron to a fluorine atom releases more energy than adding an electron to an oxygen atom. Fluorine 
has a more negative electron affinity because it has a higher effective nuclear charge than oxygen. An electron is 
being added to the same shell, n = 2, for both fluorine and oxygen, so shielding is irrelevant. 
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Atomic Radii 


The atomic radius, or covalent radius, is defined as one-half the distance between the nuclei of two atoms of the 
same element bound by a single covalent bond or a metallic bond. 


Atomic radius 


d 
— 


: : 1 
Atomic radius = >° 


Across a period on the periodic table, atomic radii tend to decrease due to increasing effective nuclear charge. The 
electrons experience greater coulombic attraction to the nucleus, so they are held more closely. 


Down a group, atomic radii increase due to increased shielding. The larger the number of shells between the out- 
ermost electrons and the nucleus, the greater the electronic repulsions and the greater the distance between the 
valence electrons and the nucleus. The electrons are held less tightly due to decreased coulombic attraction. 


Atomic Radii 
H He 
© ° 
53 31 


112 @ Semimetals 


@ Nonmetals 


150 145 1 x 


— 


O Metals B C N O F Ne 
l $ © @ © e 
T 56 42 


243 © 184 176 171 166 161 & © 142 $ 
265 219 212 206 2 w 183 & ws es 156 
Clo La FIRELE LE 
253 208 193 185 180 171 156 143 135 127 120 
PRACTICE: 


Arrange the following elements in order of decreasing atomic radius: calcium, barium, and beryllium. 


radius», > radius > radius 
Ba Ca Be 


The radius of beryllium (Be) is the smallest, calcium (Ca) has an intermediate radius, and the radius of barium 
(Ba) is the largest. Since barium is closest to the bottom of the periodic table, there are more shells shielding its 
outer electrons from the nucleus. The electronic repulsions and the distance of the outermost electrons from the 
nucleus is the greatest, so the coulombic attraction is the smallest. The electrons of beryllium are the least 
shielded, so they are held most tightly by the nucleus. 
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lonic Radii 


Within a period or a group, ionic radii follow the same general trend as atomic radii. They decrease from left to 
right, and they increase from top to bottom. The shielding and coulombic arguments are similar. 


Cations are smaller than their parent atoms. When electrons are lost, there is less electronic repulsion and the 
atom contracts from its neutral size. Anions are larger than their parent atoms. When electrons are gained, there 


are more repulsive electronic interactions and the ion expands from its neutral size. 
Comparison of Atomic and Ionic Radii 
Atomic radius (pm) 
ote 


56 


Ionic radii shown in 
white. Atomic radii 
shown in gray. 


181 

Se2- 
196 

Sr2+ In3+ Sb3+ Te2- 
219 156 |89 133 | 221 123 |220 


Isoelectronic species are atoms or ions that have equal numbers of electrons. For example, O% and Ne are isoelec- 
tronic. When the radii of isoelectronic species are compared, as the nuclear charge increases, the size decreases. 


PRACTICE: 


Rank the following ions from largest to smallest: K*, CI, Ca”, S*. 


The correct ranking of the ions from largest to smallest is S~, Cl, K*, Ca’*. All the ions are isoelectronic and 
have a [Ne]3s°3p’ electron configuration, while the nuclear charge increases with atomic number from sulfur to 
calcium. 


Electronegativity 


Electronegativity is a measure of how strongly an atom draws electrons toward itself in a covalent bond. The 
higher the electronegativity of an element, the more it attracts shared electrons. 


The Pauling electronegativity scale is one that is very commonly used. Pauling electronegativities range from less 
than 1 for the group IA metals, which are not very electronegative, to 4.0 for fluorine, the most electronegative 
element. Electronegativities of noble gases are not discussed since the group VIIIA elements rarely participate in 
covalent bonding. The consequences of electronegativity differences between bonded atoms will be discussed fur- 
ther in Big Idea 2 (Chapter 2, “Bonding and Intermolecular Forces”). 
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Pauling Electronegativities 


25 26 
Mn | Fe 


1.8 


44 
Ru 


76 
Os 


2:2 


1.6 
43 

Te 
75 

Re 


Across a period on the periodic table, electronegativity increases. Increasing effective nuclear charge going from 
left to right increases attractions between the electrons and the nucleus. 


Down a group, electronegativity decreases. Electrons are more shielded from the nucleus, so they experience a 
weaker nuclear attraction. The distance of the outermost electrons from the nucleus increases down a group, 
causing the coulombic attraction of the outermost electrons to the nucleus to decrease. 


PRACTICE: 


Which is more electronegative, sulfur or phosphorus? 


Sulfur is more electronegative than phosphorus. The effective nuclear charge of sulfur is greater than that of 
phosphorus, which causes sulfur to attract electrons more strongly. Both sulfur and phosphorus are in the same 
period, so shielding arguments do not apply. 


Periodic Trend Anomalies 


Some elements do not follow the periodic trends for ionization energy or electron affinity. The explanations for 
anomalous variations in these periodic properties are sometimes best explained using orbital notation. For exam- 
ple, the first ionization energies in the second period generally increase from left to right, but two elements in the 
second period, beryllium and nitrogen, do not follow the trend. 


Beryllium has a higher ionization energy than boron. The decrease in ionization energy between beryllium and 
boron is due to the ease of removal of an electron from a 2p orbital in boron compared with a 2s orbital in 
beryllium. The 2s orbital is slightly lower in energy than a 2p orbital. Electrons in an s orbital penetrate closer to 
the nucleus than in a p orbital. This leads to a higher coulombic attraction between the 2s electrons and the 
nucleus. 
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Nitrogen has a higher ionization energy than oxygen. When two electrons occupy the same orbital, there is a 
certain amount of electron-electron repulsion between them. When an electron is removed from a 2p orbital of 
an oxygen atom, the repulsion it experiences from the other electron in the 2p orbital is relieved. Nitrogen’s 2p 
orbitals, however, are all singly occupied and the electrons do not experience the additional relief of repulsive 
interactions when an electron is removed. 


Ionization of Nitrogen and Oxygen 


Nitrogen: |} | —_ 


ls 2s 2p 2s 2p 


ls 2s ls 2s 


Oxygen: |$} aa 


PRACTICE: 


The electron affinity of nitrogen is less negative than that of carbon. Provide an explanation for this 


exception to the periodic trend. 


It is more difficult to add an electron to nitrogen than it is to add one to carbon; this exception to the trend has a 
similar explanation to the one for the anomalous ionization energies of nitrogen and oxygen. 


When two electrons occupy the same orbital, there is some repulsion between them. When an electron is added to 
carbon, the result is three singly occupied 2p orbitals. When an electron is added to nitrogen, however, that 
electron is forced to pair with an existing electron in one of the already singly occupied 3p orbitals. The increased 
electronic repulsion results in a less negative electron affinity for nitrogen compared to carbon. 


Nitrogen: maaan 


A OO = m oe 


ls 2s 2p ls 25 2p 
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Photoelectron Spectroscopy 


Experimental evidence for the shell and subshell energies and populations of electrons in atoms comes from a 
technique called photoelectron spectroscopy, or PES. 


Photoelectron spectroscopy has its basis in the photoelectric effect. The photoelectric effect is the ability of 
photons of a certain minimum energy to cause electrons to be ejected from a metal. Photons with insufficient 
energy are incapable of ejecting electrons. 


The Photoelectric Effect 


Insuffient energy Suffient energy 
to eject an electron to eject an electron 
from the metal from the metal 
ae 
e- = = eo 
e- 
e- e- 


In a photoelectron spectroscopy experiment, atoms are bombarded with beams of x-ray photons with a known 
energy. The energy of the photons is sufficiently high that when a photon collides with any electron in a neutral 
atom, it causes the electron to be ejected. 


The kinetic energy, KE, of the ejected electrons (their energy of motion) is measured in a detector. The difference 
between the energy of the photon used, hv, and the kinetic energy of the electron is equal to the ionization 
energy, IE, the amount of energy that was required to eject the electron. 


IE = hv- KE 


A useful feature of PES is the fact that any electron can be ejected by this technique. The photons are not limited 
to ejecting the lowest-energy outer electrons. The ionization energies, also called the binding energies, of electrons 
from all of the subshells of an atom are detected. The relative number of electrons with a given energy is 
recorded. 


Only a single electron is ejected from a neutral atom. When an atom has been ionized in a PES experiment, no 
subsequent electrons are removed from that atom. 


The PES spectra of hydrogen, helium, lithium, and magnesium are shown below. 
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PES Spectra of Hydrogen, Lithium, Helium, and Magnesium 


Hydrogen Lithium 
D 
>a 
z 8 F 
o 2 
2 o 
TS OH 
3 © 
ls! 152 
Binding Energy (MJ/mol) Binding Energy (MJ/mol) 
Helium Magnesium 

D 
T 

O 
Z 5 F 
o & N 
2 e 
SS 
a 

152 
Binding Energy (MJ/mol) Binding Energy (MJ/mol) 


The PES signal for the 1s electron of hydrogen is half as intense as the signal for the 1s electrons of helium. This 
is because there are twice as many Is electrons in a helium atom as there are in a hydrogen atom. 


The binding energy of the 1s electrons in the helium atom is also greater than that of hydrogen. Helium has a 
higher nuclear charge than hydrogen, so its electrons are more strongly attracted to the nucleus. 


When answering questions about spectra, students should draw on their knowledge of periodic trends and elec- 
tron configurations. PES spectra should be viewed by students as experimental evidence for shells, subshells, and 
electron configurations of atoms. 


PRACTICE: 


(a) The PES data below are for which element? 


(b) The 2s electrons for sodium have a binding energy of 6.84 MJ/mol. Explain why that value is 
different from the energy of the 2s electrons of this element. 


Binding Energy (MJ/mol) Relative Number of Electrons 
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(a) The data are for potassium. The electron configuration of potassium is 15’2s’2p°3s°3p°4s'. One peak is 
expected for each subshell, and the height of each peak corresponds to the number of electrons in that subshell. 


(b) The energy of the 2s electrons for potassium corresponds to the second peak in the spectrum, 37.1 MJ/mol. 
The larger value means that the 2s electrons are held more tightly to potassium than they are to sodium, which 
has a 2s electron binding energy of 6.84 MJ/mol. This is because the nuclear charge experienced by the 2s 
electrons is greater for potassium than it is for sodium. This results in an increased coulombic attraction between 
the 2s electrons of potassium and the nucleus compared with that of sodium. Notice that although we are 
comparing atoms in the same group, we are comparing similar orbitals, so in this case, shielding arguments are 
irrelevant. 


Atomic Nuclei 


As mentioned previously, the nucleus of an atom is the small, positively charged region at the center that is com- 
prised of protons and neutrons. Atomic nuclei have been studied using a technique called mass spectrometry. 


Isotopes 


Atoms of the same element that have different numbers of neutrons are called isotopes. The atomic weight is the 
weighted average of the masses of the isotopes. The atomic weight of a hypothetical element with naturally 
occurring isotopes A, B, and C is calculated as follows: 


Atomic weight = (Mass A x Fraction A) + (Mass B x Fraction B) + (Mass C x Fraction C) 


Naturally occurring carbon atoms exist as approximately 99% carbon-12 (which has 6 protons and 6 neutrons in 
its nucleus) and 1% carbon-13 (which has 6 protons and 7 neutrons in its nucleus). The atomic weight of carbon 
can be calculated from this data. 


Atomic weight = [(12 amu) x 0.99] + [(13 amu) x 0.01] = 12.01 amu 
Notice that this agrees with the atomic weight of carbon on the periodic table. 


PRACTICE: 


Naturally occurring chlorine consists of two isotopes, Cl and *’Cl. Use the periodic table (page 364) 


to determine the fractions of atoms in a chlorine sample that are *Cl and *’Cl. 


The sum of all the fractions must add up to one. Since there are two isotopes, the fraction of one of the isotopes, 
say Cl, can be assigned x, and the fraction of the other isotope, *’Cl, can be 1 — x. The atomic weight of chlorine 
according to the periodic table is 35.45 amu. The fractions can then be determined. 


Atomic weight = 35.45 amu 
35.45 amu = [(35 amu)(x)]+[(G7 amu)(1- x)] 
35.45 = 35x +37 -37x 
2X = 1255 
x=0.78 


Therefore, the fraction of naturally occurring chlorine that is *Cl is 0.78, or 78%. The fraction of chlorine that is 
"Clis 1 — x = 1-0.78 = 0.22, or 22%. 
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Mass Spectrometry 


Mass spectrometry is an experimental technique that allows chemists to determine atomic masses, molecular 
masses, and isotope patterns in atoms and molecules. 


In a mass spectrometer, vaporized molecules are first ionized by one of a variety of means, usually to form posi- 
tive ions. They are then accelerated through a magnetic field. This causes them to separate based on their mass- 
to-charge ratio, m/z. More massive species experience less deflection than less massive species. The ions are 
detected, and their degree of deflection is reported in a mass spectrum. 


Mass Spectrometer 


Sample 
Ionization and 


Sample 
Inlet 
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Acceleration 
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AP Chemistry students should be aware that mass spectrometry provides proof that all atoms of an element are 
not necessarily identical, contrary to what John Dalton believed. Instead, many elements are composed of iso- 
topes. Students should expect to answer questions regarding the isotopic compositions of different elements 
based on mass spectra. 


The simulated mass spectrum of copper is shown below. There are two naturally occurring, stable isotopes of 
copper; these account for the two peaks in the spectrum. The relative heights of the peaks reflect the relative 
number of atoms of each isotope. This data can be used to calculate the average atomic weight. 


The Mass Spectrum of Copper 


1.000 


0.446 


Relative Abundance 


63.0 63.5 64.0 64.5 65.0 
m/z 
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The fractions of each isotope are given by the relative abundances of each, divided by the sum of the heights of 
the peaks. 


fraction = ee = 0.6916 
“Cu 1.000 + 0.446 
44 
Aico Sa 08d 
Cu 1.000 + 0.446 


These fractions correspond to the natural abundance percentages of the isotopes of copper, 69.16% and 30.84%. 


The average atomic mass of an element can be found by determining the weighted average of the mass-to-charge 
ratios expressed in units of amu. Each fraction is multiplied by the corresponding mass-to-charge ratio. The sum 
of the results gives the average atomic weight of the element. 


Average atomic mass of copper = (0.6916 x 63.0 amu) + (0.3084 x 65.0 amu) = 63.6 amu 
PRACTICE: 


Based on the following mass spectrum, determine the percent abundance of each isotope and the 
atomic weight of zinc. 


Q 
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The isotope fractions are determined from the ratios of the heights of the peaks to the sum of the heights. 


fraction sia = =R = 0.489 
fraction şe a= — = 0.281 
fraction ,, a= 2o = 0.041 
fraction «g s — = 0.189 


These fractions can be converted to percent abundances when multiplied by 100. The percentages of the isotopes 
of zinc are 48.9% “Zn, 28.1% “Zn, 4.1% “Zn, and 18.9% “Zn. 
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The atomic weight is the weighted average of the masses of the isotopes. 


1.00 0.574 0.084 0.387 
2.045 2.045 2.045 2.045 
= 31.2964 18.525 + 2.752 + 12.868 (Additional significant figures shown for illustration.) 
= 65.4 amu 


Atomic weight = ( x 64.0 amu | + ( x 66.0 amu + í x 67.0 amu | + Í x 68.0 amu | 


Mass spectrometry is also one of the most important analytical techniques available to chemists for determining 
the masses of molecules. The mass spectrum of caffeine, C,H,,N,O, (molecular mass = 194 amu), is shown below. 
The peak corresponding to the molecular ion (a molecule that has lost an electron), is the tall peak with the mass- 
to-charge ratio of 194. The other small peaks at 195 and 196 amu are due to forms of caffeine in which one or 
more naturally occurring ‘°C atoms have replaced °C isotopes in the molecule. The other peaks at 109, 82, 67, 
and 55 are due to fragments of the molecule that resulted when covalent bonds were broken during ionization. 


The Mass Spectrum of a Compound 


+ 


O 
100 194 I CH3 
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85 "a sn NT 
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80 CH, 


75 caffeine 
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PRACTICE: 


The mass spectrum of a compound shows a molecular ion peak at m/z = 144. Combustion analysis 


provides an empirical formula of C,H,O,. What is the molecular formula of the compound? 


The mass spectrum information gives the molecular mass of the compound, 144 amu. Division by the empirical 
formula weight will provide the factor by which the subscripts should be multiplied. 


(3x12.01 amu)+(4x1.01 amu) + (2 x 16.00 amu) = 72.07 amu 


144 amú 
72.07 ama 


Multiplication of each subscript by 2 results in a molecular formula of C,H,O,. 
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Review Questions 


Multiple Choice 


1. Which of the following neutral elements has 26 protons and 32 neutrons? 


A. Germanium, Ge 
B. Cerium, Ce 

C. Nickel, Ni 

D. Iron, Fe 


2. Two samples of potassium chloride are analyzed for chlorine content and found to contain different mass 
percentages of chlorine. Which of these is the best explanation? 


A. The two samples came from different sources. 

B. One of the samples has a different percentage of potassium isotopes. 
C. One of the samples contains impurities. 

D. One of the samples has a different empirical formula. 


The following representations are atomic models that have been accepted at different times in the past 200 years. Use 
these figures to answer questions 3-4. 


Figure C Figure D 


3. When Ernest Rutherford observed the dramatic deflection of alpha particles by atoms of gold foil, he 
proposed that the most accurate picture of the atom was not depicted by , aS previously 
thought, but by a model more closely resembling 


Figure D, Figure B 
Figure B, Figure A 
Figure C, Figure A 
Figure C, Figure D 


SOM > 
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4. The currently accepted depiction of the atom is one that incorporates the experimental observations of 
Thomson, Rutherford, Bohr, and Schrodinger. It most closely resembles 


A. Figure A 
B. Figure B 
C. Figure C 
D. Figure D 


5. Which of the following electron configurations represents an electronic excited state due to a violation of 
Hund’s rule? 


Clty mitt 


6. A pure sample of aluminum oxide, ALO,, has a mass of 51 g. What mass of oxygen is present in the 


sample? 
A. 8g 
B. 20g 
C. 24g 
D. 48g 


7. The mass spectrum shown is that of which element? 


1.0 
0.9 
0.8 
cP) 
9 0.7 
CS 
Z 0.6 
jam 


Ka 
< 0.5 
Y 


89 90 91 92 93 94 95 96 
m/z 


TOW Sp 
Z 
S 
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8. A neutral element is magnetized in a magnetic field, but when the field is removed, the element is no longer 


10. 


magnetic. The most probable ground state electron configuration for this element is 


A. [Xe]4f"*5a°6s? 


B. [Arj 
C. [Ar]4s73d"° 
D.  [Kr]5s*4d'°5p° 


The first six ionization energies are shown for an element. What is the identity of the element? 


Fist OO 


SAW > 
< 
dje) 


Which of the following figures best represents the three-dimensional shape of an orbital in the highest- 
energy sublevel of a neutral atom of oxygen in the ground state? 


$ ? 


Figure 1 Figure 2 


i t 


Figure 3 Figure 4 
A. Figure 1 
B. Figure 2 
C. Figure 3 
D. Figure 4 
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11. The photoelectron spectrum of an element contains the following peaks: 


MJ/mol Relative Intensity 


12. 


13. 


14. 


54 


This element is best described as a(an) 


transition metal. 

element that exists in elemental form as a molecule. 
alkali metal. 

non-metal. 


SAM 


The ground state electron configuration of a neutral copper atom is [Ar]4s'3d'°. Which of the following is 
a ground state configuration for an ion commonly formed by copper? 


A. [Ar]4s*3d? 
B.  [Ar]4s73a° 
C. [Ar]4s'3d? 
D. [Ar]3d"° 


Waves A and B represent the wavelengths of photons that may be emitted when an electron in an atom 
relaxes from an excited state to the ground state. Which of the following best describe the waves? 


MATATA 
we \/\/\ 


A. Photon A was generated by a transition from a higher energy level in the element than photon B. 
B. Photon B was generated by a transition from a higher energy level in the element than photon A. 
C. Photon A has greater amplitude and a longer wavelength than photon B. 
D. Photon B has a greater amplitude and a higher frequency than photon A. 


The orbital configuration below depicts 
ls 2s 2 3s 


oxygen in the ground state. 
sodium in the ground state. 
nitrogen in an excited state. 
fluorine in an excited state. 


SOM pe 


15. 


16. 


17. 
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Nitrogen forms many compounds of the form NR,, where R is hydrogen or a hydrocarbon group like CH.. 
Which of the following elements is likely to form similar compounds? 

A. Si 

B. S 

C. Al 

D. As 


The photoelectron spectrum of a certain pure element, X, is shown below: 


+ 


WY 
= 


p— 


Binding Energy (MJ/mol) 


2.90 


Relative Number of Electrons 


When two elements combine to form an ionic compound, the sum of their charges is zero. For example, 
Mg” and CI form the neutral compound MgCl. Element X will most likely form which of the following 
compounds? 


A. MgX, KX, 

B. Mgx,, KX 

C. XO, XCl, 

D. X.O, XCI 

Which of the following arrangements shows the listed atoms in order of increasing first ionization energy? 
A. Na<Ne<Ar 

B. Ne<Ar<Na 

C. Ar<Ne<Na 

D. Na<Ar<Ne 


Which phrase best completes the following statement? 


The energy required to eject a 2s electron from a neutral atom of nitrogen in a PES experiment is 
the fourth ionization energy, JE,, of nitrogen. 


A. greater than 
B. less than 

C. equal to 

D. four times 
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19. Which of the following electron configurations represents the element with the greatest electronegativity? 


A. 18°2s°2p° 
B.  19°2s’2p°3s°3p° 
C.  19°2s’2p°35°3p* 
D. — 15°2s°2p* 


20. For an element exposed to x-ray irradiation, an electron ejected from which sublevel of an atom will have 
the greatest kinetic energy? 
A. 4s sublevel 
B. 4p sublevel 
C. 4d sublevel 
D. 4fsublevel 


Long Free Response 


1. The following PES spectra are for two elements that combine with each other to form binary compounds. 


Relative Number of Electrons 


Binding Energy (MJ/mol) 


Element B N 
S 
N 


Relative Number of Electrons 


Binding Energy (MJ/mol) 


a. Write the electron configurations of elements A and B. Identify the two elements. 
Why do the 2s electrons have different energies for the two elements? 

c. A compound contains 1.00 gram of element A and 5.05 grams of element B. A second compound 
contains 1.00 gram of element A and 3.79 grams of element B. How many moles of element A are 
present in 1.00 gram? 
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d. Determine the number of moles of element B that react with 1.00 gram of element A in each of the 
two compounds. 

e. i. Write the empirical formulas for the two compounds. 

ii. Use ratios to show that the two compounds demonstrate the law of multiple proportions. 

f. |The mass spectrum of element A contains a peak at 28.00 amu with an intensity of 1.000, a second 
peak at 29.00 amu with an intensity of 0.05074, and a third peak at 30.00 amu. What is the relative 
intensity of the third peak? 

g. The mass spectrum of element B contains five peaks. Four of the peaks correspond to 35, 37, 70, and 
72 amu. The fifth peak reflects a species with what mass? Justify your answer. 


2. The formula of a certain hydrate, NaC,H,O,-nH,O, contains one sodium atom per formula unit. 
A 25.00-gram sample of the hydrate is heated in a 3.00-gram crucible. After 10 minutes of heating, 
the crucible is cooled and weighed. The following data are collected. 


Mass of Sample + Crucible 
(grams) 


After 1st heating 21.12 


After 2nd heating 20.43 
After 3rd heating 20.40 
After 4th heating 20.40 


The sample is then treated with dilute hydrochloric acid to replace each sodium atom with a hydrogen atom. 
The sample is purified to remove the resulting NaCl. The pure C,H, , ,O, is dried and found to have a mass 
of 12.72 grams. 


Complete combustion of this final sample in excess oxygen yields 18.63 grams of CO, and 7.63 grams of 
H,O. The compound has a molar mass of 60.06 g: mol". 


Why is the heating of the original sample repeated four times? 

What is the final mass of the sodium salt? 

What is the empirical formula of the pure C,H, , ,O,? 

What is the molecular formula of the pure C,H, , ,O,? 

What is the formula of the original sodium salt? (Your answer should include the correct values for x, 
y, z, and n.) 


ce ao se 


Short Free Response 


3. Pictured below are an atom of calcium, an atom of sulfur, and a formula unit of calcium sulfide, CaS. 


a. Clearly label A, B, C, and D as the correct atom or ion. 
b. Discuss your assignment in terms of the atomic and ionic radii of the species. 
c. How many grams of sulfur are expected to be present in 180.3 grams of calcium sulfide? 
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Answers and Explanations 


Multiple Choice 


1 


10. 


11. 


12. 
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D. (EK 1.B.1) Iron has an atomic number of 26, which corresponds to 26 protons. An element is defined by 
its atomic number. 


C. (EK 1.A.2) Potassium ionizes by losing a single electron to achieve a stable, noble gas electron 
configuration. Chlorine gains a single electron. Binary compounds of potassium and chlorine with 
empirical formulas other than KCl are not formed. Naturally occurring potassium should have a relatively 
fixed isotopic abundance, regardless of the source of the KCI. The two samples may have come from 
different sources, but this in itself is not the reason the compositions are different. Two samples of pure 
KCI from two different sources are expected to have identical composition. The most likely reason for the 
difference is the presence of impurities in one of the samples. 


D. (EK 1.D.1) Rutherford’s discovery of the nucleus at the center of the atom replaced the “plum pudding” 
model of the atom, shown in Figure C, with a nuclear model, shown in Figure D. The quantized nature of 
the energy of the electrons, which led to the models in Figures A and B, had yet to be elucidated. 


A. (EK 1.C.2, 1.D.1) The current depiction of the atom is one in which electrons are described as waves. 
Orbital pictures depict the three-dimensional regions surrounding the nucleus where electrons have a high 
probability of being located. The shapes of the atomic orbitals resulting from quantum mechanical 
calculations are shown in Figure A. 


D. (EK 1.C.1) Hund’s rule states that each orbital in a sublevel must be filled singly before electrons are 
paired and that all electrons in singly occupied orbitals within a sublevel must have parallel spins. The 
configuration in choice D shows two electrons with antiparallel spins in singly occupied p orbitals. Choices 
A and C depict ground states, and choice B is forbidden. 


C. (EK 1.A.1, 1.A.2, 1.A.3) The formula for aluminum oxide is Al,O,. The molar mass is about 
102 g: mol`”. The number of grams of oxygen present in 51 grams of sample can be determined by 
dimensional analysis. 


sj 1 mol AGO; 3 moO  16.00g0 


i : * 102 gALO, 1 molAbO, 1mo 


B. (EK 1.D.2) The weighted average of the masses can be estimated to obtain the atomic weight of the 
element. It is greater than 90 amu, so yttrium (88.91 amu) cannot be the correct answer. The average mass 
is significantly less than about 93 amu, so the answer is not niobium or molybdenum (92.91 and 95.94 amu, 
respectively). The correct answer must be zirconium (91.22 amu). 


=24 gO 


A. (EK 1.B.2, 1.C.2) An element that is magnetized in a magnetic field but loses magnetization when the 
magnetic field is removed is paramagnetic. It must contain unpaired electrons. The electron configuration 
given in choice A is that of tantalum, Ta. The 5d orbitals of tantalum contain only three electrons, so these 
electrons must be unpaired. 


A. (EK 1.B.1, 1.B.2) The ionization energies for the first three electrons much smaller than the fourth 
ionization energy. Removing a fourth electron disrupts the noble gas configuration of the ion, so the 
element must be in group IIIA of the periodic table. The element is Al. 


C. (EK 1.B.2, 1.C.2) The highest-energy sublevel of a noble gas atom is a p sublevel. A p orbital is shaped 
like two inflated balloons joined at their tied ends (Figure 3). 


A. (EK 1.B.1, 1.B.2) There are seven distinct energy sublevels in the atom. The element is in the d block of 
the periodic table and has the electron configuration 15°2s°2p°35°3p°4s°3d'. Notice that the 4s electrons are 
lower in energy than the 3d electron. The principal quantum number determines the relative energy of the 
sublevel. This element, scandium, is a transition metal. 


D. (EK 1.B.1) The ground state electron configuration of Cu’, one of the cations formed by copper, is that 
in which the 4s electron has been lost, [Ar]3d’°. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 
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B. (EK 1.D.3) Wave B has a shorter wavelength than wave A, so wave B is higher in energy. It is emitted 
during a larger transition from a higher-energy orbital to the ground state than wave A. (Both waves have 
the same amplitude.) 


C. (EK 1.B.2, 1.C.1) The electron configuration shows seven electrons. The element is a neutral nitrogen 
atom. Instead of a 15°2s°2p’ electron configuration, one of the electrons has been promoted to the 3s 
orbital. This indicates an excited state. 


D. (EK 1.C.1) Arsenic, As, is in the same group on the periodic table as nitrogen. It displays similar 
chemical behavior due to its similar np’ electron configuration. 


C. (EK 1.C.1, 1.B.1) Electrons with higher binding energy are located in energy levels closer to the nucleus. 
The electrons with a binding energy of 290 MJ/mol correspond to the 1s electrons. The relative height of 
that peak corresponds to two electrons. The resulting electron configuration, 15725’2p°3s°3p°4s", indicates 
that the element is calcium. When calcium ionizes, it loses its two valence electrons to form a cation. 
Calcium cation, Ca”, forms calcium oxide with O”, CaO, and it forms calcium chloride with CI, CaCl.. 


D. (EK 1.B.1, 1.B.2, 1.C.1) Neon’s (Ne) outermost electron is in a lower shell than the outermost electrons 
of argon (Ar) and sodium (Na). Neon will be less shielded and experience a relatively high coulombic 
attraction to the nucleus. It has the highest first ionization energy. Sodium has the smallest effective nuclear 
charge and has the lowest ionization energy of the three elements. 


B. (EK 1.B.1, 1.B.2, 1.C.1) Less energy is required to remove a 2s electron from a neutral atom than to 
remove a 2s' electron from a N™ ion. The coulombic attraction of the remaining electrons with the +3 
charge of the ion makes removal of a fourth electron more difficult than removal of a single 2s electron 
from a neutral atom of nitrogen. 


A. (EK 1.B.1, 1.B.2, 1.C.1) The electron configuration in choice A corresponds to a fluorine atom. 
Fluorine is the most electronegative element because it has a very high effective nuclear charge, a high 
coulombic attraction between its outermost electrons and the nucleus, and low shielding by inner shell 
electrons relative to atoms of the other elements. 


D. (EK 1.B.1, 1.B.2) Of the electrons in the n = 4 shell, a 4f electron is highest in energy and most loosely 
held by the nucleus. A relatively small fraction of the energy of the x-ray photon is expended in ionizing 
the 4f electron. More energy is converted to the kinetic energy of the ejected electron. 


Long Free Response 


1. 


a. (EK 1.B.1, 1.B.2, 1.C.1) Element A has the electron configuration 15’2s’2p°3s°3p*. Element A 
is silicon. Element B has the electron configuration 15’2s’2p°3s*3p”. Element B is chlorine. 


b. (EK 1.B.1, 1.B.2, 1.C.1) The 2s electron for silicon has a lower ionization energy than that of chlorine 
because chlorine has a higher effective nuclear charge. The larger effective nuclear charge results in a 
greater coulombic attraction between the outermost electrons and the nucleus. 


c. (EK 1.A.3) The molar mass is used in the determination of the number of moles of silicon in 
1.00 gram. 


1.00 g8ix— ZO > 0.0356 mol Si 


28.09 gSi 


d. (EK 1.A.1) The number of moles of chlorine that combine with 1.00 gram of silicon in each 
compound is determined as follows: 


5.05 gef xI = 0.142 mol CI 


35.45 ger 


1 mol Cl 
3.79 get x— OS = 0.107 mol Cl 


28.09 ger 


e i. (EK 1.A.2) The smallest whole-number ratio for the first compound is determined by dividing 
each number of moles by the smallest number of moles, 0.356 mol Si. 
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Silicon: EES =| 
0.0356 

Chlorine: Ege =4 
0.0356 


The empirical formula for the first compound is SiC1,. 


The smallest whole-number ratio for the second compound is determined the same way. 


Silicon: 29e 4 
0.0356 

Chlorine: eeu = 
0.0356 


The empirical formula for the second compound is SiCl,. 


e i. (EK 1.A.1) The law of multiple proportions states that when two elements form two different 
binary compounds, the ratio of the masses of the second element that combine with a fixed 
amount of the first element is always a small whole-number ratio. The ratio of the masses of the 
chlorine that combine with 1.00 gram of silicon must be determined and converted to a whole- 
number ratio. 


505g _ 1.33.3 
1 3 


Chlorine combines with silicon in a 4:3 mass ratio for the two compounds. 


f. (EK 1.D.2) Let x be the unknown intensity. The atomic weight of silicon, 28.09 amu, can be found on 
the periodic table. This atomic weight is the weighted average of the masses in the spectrum. The sum 
of the intensities for this calculation is 1.000 + 0.05074 + x. 


28.09 = (28.00 x r) + (29.00 x | + (30.00 x E 
1.000 + 0.05074 + x 1.000 + 0.05074 + x 1.000 + 0.05074 + x 


28.00 + 1.4714+ 30.00x 
1.05074+ x 
x = 0.02154 


28.09 = 


g. (EK 1.B.1, 1.D.2) Chlorine has an atomic weight of 35.45 amu, which is a weighted average of the 
two naturally occurring isotopes, Cl and *’Cl. Elemental chlorine exists as a diatomic molecule, Cl, 
and the three Cl, peaks correspond to *Cl-”Cl, which has a peak in the mass spectrum at 70 amu; 
*Cl’Cl at 72 amu; and *’Cl—’’Cl. The third molecule has a mass of 74 amu. 

2. a. (EK 1.E.1) The sample is heated, cooled, and weighed multiple times in order to ensure that the 
sample is completely anhydrous. When all the water has been lost, the mass of the sample remains 
constant. 


b. (EK 1.E.1) The final mass of the sodium salt is the mass of the anhydrous sample minus the mass of 
the crucible. 


Mass of anhydrous sample = (Mass of anhydrous sample + crucible) — mass of the crucible 


Mass of anhydrous sample = 20.40 g — 3.00 g = 17.40 g 


c. (EK 1.A.2) The empirical formula for the compound is determined from the simplest whole-number 
ratio of the numbers of moles of carbon, hydrogen, and oxygen. 
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1 moleo, 1 mol C 
les of carbon = 18.63 ——— = 0.423 mol C 
moles of carbon gCo; x 4401 44.01 geo Te 1 moleo, mo 


D y 2 mol H 
les of hyd = 7.63 = 0.847 mol H 
moles of hydrogen £0 x ca xX T mol Oo mo 


The masses of carbon and hydrogen are used to find the mass of oxygen in the sample. 


12.01 g C 
mass of carbon = 0.423 metC x ——=— =5.08 gC 
1 metC 
1.01g H 
mass of hydrogen = 0.847 metH x Mei- 0.855 g H 


1 morí 


Total mass of sample = mass of carbon + mass of hydrogen + mass of oxygen 
12.72 g = 5.08 g + 0.855 g + mass of oxygen 
Mass of oxygen = 6.79 g 


The mass of oxygen is used to find the number of moles of oxygen in the sample. 


| moO, 2 mol O 
6.79 POX cae 00 gr “1 [aro A mol O 


The final step in determining the empirical formula is dividing the number of moles of each element 
by the smallest number of moles, 0.423 in this case, and finding the simplest whole-number ratio of 
moles. 


Carbon: 0.423 = 
0.423 
0.847 

Hydrogen: = 
eee 0,423 
0.424 

O n—_ = 
“YE 0.423 


The empirical formula, therefore, is CH,O. 
(EK 1.A.2) The empirical formula weight is 
(12.01 g-mol™ x 1) + (1.01 g-moI™ x 2) + (16.00 g-mol x 1) = 30.03 g:mol”' 


The molecular formula is determined by dividing the molar mass by the empirical formula weight and 
multiplying the subscripts in the empirical formula by the resulting integer. 


60.06 60.06 gmo _ , 
30. 30.03 gmo 


The molecular formula is C,H,O,,. 


(EK 1.A.3, 1.E.1, 1.E.2) In order to find the number of molecules of water associated with each 
formula unit of the sodium salt, the mass of the sodium salt must be determined. One hydrogen atom 
per formula unit replaced one sodium atom, so the formula of the original sodium salt must have 
been NaC,H,O,. The molar mass of this compound is 82.04 g-mol'. The number of moles of 
NaC,H,0O, in the original sample can be determined from the mass of anhydrous sodium salt. 
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1 mol NaC,H 
17.40 g ENA Ss 010 mo NAC ALO: 


_ $2.04 g NaC HEO, 


The number of grams of water (which can be converted to moles) is the difference between the 
original mass of the sample and the mass of the NaC,H,O,. The ratio of moles of water to moles of 
NaC,H,O, gives the number of water molecules in the hydrate. 


Mass of original sample = mass of sodium salt + mass of water 
25.00 g = 17.40 g + mass of water 
Mass of water = 7.60 g 


rosna LO 0 A HON IO 
18.02 g HO 
0.422 mol H,O 


—— = 2 moles of H,O per mole of NaC, H,O, 
0.212 mol NaC,H,O, 


There are two molecules of water associated with each formula unit of the sodium salt. The correct 
formula is NaC,H,O, -2H,0. 


Short Free Response 


1. a. (EK 1.C.1, 1.E.1) Species A represents a neutral calcium atom, species B represents a neutral sulfur 
atom, species C represents a Ca% cation, and species D represents an S% anion. 


b. (EK 1.C.1, 1.E.1) The neutral calcium atom is larger than the neutral sulfur atom because its 
outermost electrons are in a higher principle quantum level and experience more shielding from the 
nucleus. In addition, the effective nuclear charge is less for calcium than it is for sulfur. For these 
reasons, the outermost electrons are held more closely to the nucleus in sulfur than they are in 
calcium. The two ions, Ca”* and S”, are isoelectronic. Ionic radii of isoelectronic species decrease 
with increasing atomic number and nuclear charge, so Ca% is smaller than SZ. 

c. (EK 1.A.1, 1.A.2) The number of moles of sulfur present in 180.3 grams of CaS is determined using 
the molecular formula and the molar mass. 


Mes = (1 x 40.08 g-mol") + (1 32.06 g-mol") = 72.14 g-mol' 


1 mocas | 1 metS < 32-0685 
Ene T2. 72.14 geas 1 mereas 1 mets” 


=80.13 g S 
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Bonding and Intermolecular Forces 
(Big Idea 2) 


Big Idea 2: Bonding and intermolecular interactions 
determine physical and chemical properties 


Atoms and ions interact with one another to form substances with properties that can be attributed to these inter- 
actions. Big Idea 2 focuses on bonding, intermolecular interactions, and solution behavior. The impact of these 
characteristics on the physical and chemical properties of solids, liquids, and gases, are discussed. The chapter 
will begin with a review of chemical nomenclature. 


Nomenclature 


Naming compounds is not a skill that will be tested directly on the AP Chemistry exam, but it is a prerequisite for 
success. Organic nomenclature and prediction of organic reactions are no longer a requirement. The organic 
compounds themselves, however, remain an important part of the curriculum. Organic functional groups deter- 
mine intermolecular forces and are important in biological chemistry, materials chemistry, and many other areas. 
This section is a review of nomenclature and interpretation of chemical structures. 


Inorganic Nomenclature 


Compounds are composed of more than one type of element and can be broadly classified as ionic or covalent. 
The ionic or covalent nature of a compound, in turn, determines how the compound is named. 


lonic Nomenclature 


Ionic compounds are those that are formed between positively charged ions, or cations, and negatively charged 
ions, or anions. Many times, ionic compounds are formed between metal cations and nonmetal anions. They may 
also be formed from polyatomic ions, which are ions that are composed of more than one atom. The names of 
ionic compounds begin with the name of the cation and end with the name of the anion. The ending of the name 
of a monatomic anion is changed to -ide. 


For example, the ionic compound formed from potassium and sulfur is potassium sulfide. Since potassium is in 
group IA, it forms K+. Sulfur is in group VIA, so it forms S*. The sum of the charges for an ionic compound 
must equal zero, so there must be two potassium cations and one sulfur anion. The formula is KS. 


PRACTICE: 


Name and write the formulas for the ionic compounds formed between the following: 


(a) lithium and nitrogen 
(b) strontium and bromine 


(a) Lithium nitride is the name of the ionic compound formed between lithium and nitrogen. Lithium is in group 
IA, so it forms Li+, and nitrogen is in group VA, so it forms N*. The formula for lithium nitride that leads to an 
overall charge of zero is Li,N. 


(b) Strontium bromide is the name of the ionic compound formed between strontium and bromine. Strontium is 
in group IIA, so it forms Sr”, and bromine is in group VIIA, so it forms Br’. The formula for strontium bromide 
that gives an overall charge of zero is SrBr,,. 
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In order to understand the nomenclature of ionic compounds, students must memorize some important 
polyatomic ions and their charges. 


Ams 
A O 
K 
ne S 


In addition to the polyatomic ions, students should know that many metals that can have multiple oxidation 
states. Many transition metals and some others exhibit this behavior. For instance, iron cations can exist as Fe” 
or as Fe*. To name a compound containing an iron ion, a roman numeral is used to show the charge of the ion. 
For example, the name of Fe(OH), is iron(II) hydroxide and the name of Fe(OH), is iron(II) hydroxide. 


Bismuth Bi, Bi” 
Co”, Co” 


Iron Fe”, Fe” 


Pb?" Pb” 


a H a Hg” 


sine fae 


n” Sn” 


*Note that mercury(I) is Hg,” and mercury(I) is Hg”. 
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PRACTICE: 


Write formulas for the following ionic compounds: 


(a) aluminum sulfate 
(b) sodium peroxide 
(c) iron(II) nitrate 

(d) mercury(I) acetate 


The formulas are as follows: 


(a) AL(SO,), 

(b) Na,O, 

(c) Fe(NO,), 

(d) Hg(C,H,O,), 

Ionic hydrates are named as usual for ionic compounds, and the number of water molecules is specified with a 
Greek prefix. For instance, there are five water molecules in copper(II) sulfate pentahydrate, CuSO, : 5 H,O. 


e — [em 
e č Je 
s e č | 


PRACTICE: 


Write the formula for cobalt(II) chloride hexahydrate. 


The hexa- prefix indicates six water molecules are associated with the cobalt(II) chloride. The formula is CoCl,- 6 H,O. 


Binary Covalent Nomenclature 


Binary covalent compounds are neutral compounds composed of two nonmetals. The same Greek prefixes used in 
hydrate nomenclature denote the number of atoms of each element in a binary covalent molecule. Usually, the 
less electronegative element is named first, followed by the more electronegative element. The end of the name of 
the second element is changed to -ide. 


When there is only one atom of the first element, however, the prefix mono- is not used. For example, CO, is 
called “carbon dioxide,” not “monocarbon dioxide.” 


ee. 99 66. 99 


When a prefix ending in an “a” or an “o” precedes the name of an element that begins with a vowel, the “a” or 
“o” is dropped. For example, CO is called “carbon monoxide,” not “carbon monooxide.” 
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PRACTICE: 


Name the following compounds: 


(a) N.O, 


(b) P,O, 
(c) SiCl, 
(d) CS, 


The names of the compounds are 


(a) dinitrogen pentoxide 

(b) tetraphosphorus decoxide 
(c) silicon tetrachloride 

(d) carbon disulfide 


Organic Nomenclature 


Organic compounds are broadly defined as compounds containing carbon and usually hydrogen. The term organic 
encompasses a vast number of molecules that may or may not be associated with life processes. The definition is 
generally understood to exclude alloys like steel, which is composed of carbon atoms interspersed among iron 
atoms, and simple carbon-oxygen molecules like carbon dioxide and carbonate ions. 


Hydrocarbons are a class of organic compounds that consist of only hydrogen and carbon. Alkanes are hydro- 
carbons that consist of singly bonded carbon atoms. These are also called saturated hydrocarbons. The molecular 
formula for a saturated hydrocarbon is C_H,,,,. The names of alkanes begin with the appropriate Greek prefix 
and end in -ane. Propane is the name of the saturated hydrocarbon that contains three carbons and the maxi- 
mum possible number of hydrogen atoms. The formula for propane is C,H,. Butane is the name of the hydrocar- 
bon C,H» It is not necessary to name organic compounds on the AP Chemistry exam; however, familiarity with 
organic compounds is advantageous. 


The Simplest Unbranched Saturated Hydrocarbons 


H H H H 
| | UH a > JA 
= oo a H C < 
i ] = Moar i a Hs sail gad Ny 
H H~ | H< | | “HH / \ 
H H 
Methane Ethane Propane Butane 
CH4 C2H6 C3Hg C4H10 


Name of Alkane Molecular Formula Name of Alkane Molecular Formula 
Methane s 


e fet, 


Organic compounds may also contain functional groups, which are groups of atoms in a molecule that give the mol- 
ecule characteristic physical and chemical properties. There is no need to memorize the systematic nomenclature for 
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these compounds, but recognition of the various functional groups conveys an advantage in terms of compound 
property prediction. Many of the characteristics mentioned here will be reviewed in greater detail later in this chap- 
ter, so it is a good idea to refer to this table later. 


Functional 
Group Structure Characteristics | Example 


Alcohol 


Aldehyde 


Alkyl g ‘, 

halide a 2 
Where X = F, Cl, 

Br, or I 

4 


Alcohols are 
relatively polar 
since they are 
capable of 
donating and 
accepting 
hydrogen bonds. 


Amines are 
important in 
acid-base 
chemistry 
because they 
behave as weak 
bases. 


Alkyl halides are 
important 
reactants in 
organic 
chemistry. 


Small molecular 
weight ethers 
are volatile 
compounds with 
dipole moments. 


Small molecular 
weight aldehydes 
are volatile 

compounds with 
dipole moments. 


Small molecular 
weight ketones 
are volatile 
compounds with 
dipole moments. 


Methanol 


ow 
H3C H 


Ethylamine 


2-Chlorobutane 


:Cl: 


Diethyl ether 


C O CH 
gl it 


continued 
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Functional 
Group Structure Characteristics | Example 


Carboxylic : Carboxylic acids | Octanoic acid 
acid are important in 
acid-base 
chemistry Ho Ei H | | 
because they are C C cC 
weak acids. They H m ior pe nm “Sg we No a“ 
are capable of i 
accepting 
and donating 
hydrogen bonds. 


Small molecular 
weight esters 


are volatile 
compounds with 
dipole moments. 


Amide groups 
link amino acids 
into long 
polypeptide 
chains that 
comprise 
proteins. 


Hydrocarbons may also contain carbons that are double-bonded or triple-bonded to one another. In these cases, 
the ending of the parent chain is changed. The names of alkenes, which are molecules that contain double bonds, 
end in -ene. The names of triple bond—containing alkynes are changed to -yne. 


Double and Triple Bonds 
H 
e 
H> C CH3 
a cm Ne 
2 
| a 
H 
l-pentene l-pentyne 
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PRACTICE: 


Refer to the earlier table (pages 67—68), if necessary, to match the structures below with one of the 
following names: 1-butene, triethylamine, 1-heptyne, propanoic acid, 2-hexanol. 


H, H, H 


i 


C C 
P S cu, 7 


H3C 


H.C 
CH; 


Structure A is 2-hexanol, a 6-carbon alcohol. Structure B is triethylamine, an amine with three 2-carbon 
chains. Structure C is 1-butene, a 4-carbon alkene. Structure D is propanoic acid, a 3-carbon carboxylic acid. 
Structure E is 1-heptyne, a 7-carbon alkyne. 


Chemical Bonds 


Chemical bonds are forces that hold atoms together in compounds. A bond results from the sharing or transfer of 
electrons between two atoms. The distinction between covalent and ionic bonding is not concrete. Rather, bonds 
can be classified on a continuum between covalent and ionic based on the characteristics and electronegativity 
differences between the two atoms involved in the bonding. 


Covalent Bonding 


Covalent bonding occurs when two nonmetallic atoms share at least one pair of electrons. In general, for a bond 
to be classified as covalent, the distribution of electron density between the two atoms participating in the bond is 
not unequal to the extent that the atoms would be considered ionized. Usually the two atoms have an electroneg- 
ativity difference of about 1.7 or less. The Pauling electronegativity of a hydrogen atom is about 2.2, and the 
electronegativity of chlorine is about 3.1. The difference in electronegativity, AEN, between chlorine and hydro- 
gen is 0.9. Hydrogen and chlorine form a covalent bond in a molecule of hydrochloric acid, HCl. For a review of 
electronegativity, refer to page 42 in Big Idea 1 (Chapter 1, “Structure of Matter”). 


AEN = 3.1 -2.2 = 0.9 
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Polar and Nonpolar Covalent Bonds 


Polar covalent bonds are covalent bonds in which the electron pair(s) are shared unequally by the two atoms due 
to differences in electronegativity greater than about 0.4 and less than 1.7. The hydrogen-chlorine bond discussed 
previously is a polar covalent bond. The greater effective nuclear charge of chlorine draws the electron density of 
the bond toward the chlorine nucleus. The polarity of the bond is shown by an arrow pointing from the less 
electronegative atom to the more electronegative atom. 


Bond Polarity 


+—__» 
H—— Cl 
6+ ð— 


Nonpolar covalent bonds are bonds in which electron pair(s) are shared equally by the two atoms due to very small 
or no differences in electronegativity between the bonded atoms. The covalent bonds in H,, O,, and Cl, are 
nonpolar because there is no difference in electronegativity between two atoms of the same element. The carbon- 
hydrogen bond is generally considered to be nonpolar covalent. 


PRACTICE: 


Rank the following single covalent bonds in order of increasing polarity: H-F, H-P, H-O, and H-S. 


Phosphorus is the least electronegative of the four heavy atoms, F, P, O, and S. It experiences more shielding of the 
nucleus by core electrons than fluorine and oxygen, and it has the lowest effective nuclear charge, so the H-P bond 
can be assumed to be the least polar. By contrast, the fluorine atom is the most electronegative because it has the 
highest effective nuclear charge. Its valence electrons are less shielded than those of sulfur and phosphorus. The 
H-F bond is the most polar. Oxygen is more electronegative than sulfur because its valence electrons experience 
less shielding, so the correct order of increasing bond polarity is H-P < H-S < H-O < H-F. 


Bond Length 


The bond length, or the average distance between the nuclei of two bonded atoms, is the distance at which the 
potential energy of the two atoms is at a minimum. The lower the potential energy, the more stable the arrange- 
ment and the stronger the bond. When the atoms are very far apart, there is no interaction between them and the 
potential energy is zero. At closer distances, the nucleus of each atom begins to attract the electron cloud of 

the other atom. As the atoms approach one another, their potential energy decreases. At the equilibrium distance, 
the attractive and repulsive forces are balanced and the energy is at a minimum. For two hydrogen atoms, this dis- 
tance is 0.074 nm. At distances closer than the bond length, on the other hand, the repulsive forces between elec- 
tron clouds and nuclei increase the potential energy. 
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Bond Length: Potential Energy Versus Internuclear Distance 


0.074 nm 
0 ------- a Aa Damage Rg ee 


Potential Energy (kJ-mol!) 


Internuclear Distance (nm) 


The energy required to separate the two atoms completely is 458 kJ-mol”. 


Lewis Dot Structures 


The number of valence electrons is an important factor in the bonding behavior of the elements because they are 
the electrons that are available to be transferred or shared between atoms. Lewis dot structures for elements con- 
sist of the symbol of the element surrounded by dots representing the valence electrons. The number of valence 
electrons for the main group elements is equal to the main group number. The only exception is helium, which 
has two valence electrons. Notice that the positions of the first four electrons are spaced as far apart as possible 
before the electrons are paired. 


Lewis Dot Diagrams of the Main Group Elements 


The Lewis dot structures for the d and f block elements are not discussed in the AP Chemistry curriculum. 


The Lewis structures of molecules and polyatomic ions consist of the symbols for the atoms surrounded by dots 
and lines. The lines represent the bonds, and the dots represent the unshared electrons. 


A large number of molecules follow the octet rule. This is the tendency for main group elements to achieve noble 
gas electron configurations. Hydrogen follows the duet rule. It can have a maximum of two electrons. 
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Drawing Lewis Structures of Molecules and Polyatomic lons 


The majority of chemical structures follow the octet rule. When the octet rule is obeyed, each atom except for 
hydrogen has eight valence electrons in the most stable configuration. There are six steps in writing a correct 
Lewis structure: 


1. 


2. 


Arrange the atom labels in a reasonable, symmetrical skeleton, with the least electronegative elements in the 
central positions. Hydrogen is never central. 


Calculate the total number of valence electrons, N, needed in the molecule. Each atom except for hydrogen 
needs eight valence electrons. Hydrogen needs two valence electrons. 


Calculate the number of available electrons, A, by adding the number of valence electrons for each atom. 
Add an electron for each negative charge, and subtract an electron for each positive charge. 


Calculate the number of shared electrons, S, using S = N — A. The number of bonds, indicated by lines, is 
half the number of shared electrons. In other words, there are two shared electrons per bond. Add the 
bonds to the structure. 

Place the rest of the available electrons around the atoms in order to achieve an octet for each atom except 
hydrogen. These electrons are called lone pairs. 

Assign formal charges to each atom in the molecule. The sum of the formal charges in a neutral molecule is 
zero. The sum of the formal charges in an ion equals the overall charge of the ion. The formal charge of 
each element is determined by subtracting the number of bonds and unshared electrons from the main 
group number for the element. 


Formal charge = number of valence electrons — number of bonds — number of unshared electrons 


The six-step method can be used to draw the Lewis structure of a carbonate ion: 


1. 
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Carbonate ion, CO;, has one carbon and three oxygens. Carbon is the least electronegative, so it is drawn as 
the center of a symmetrical skeleton. 


O O 
C 


O 


There are four atoms in the ion, and each atom needs eight electrons, so 
N=4x8=32 
The number of available electrons is the sum of the valence electrons contributed by each atom plus the two 


extra electrons indicated by the —2 charge. Carbon is in group IVA, so it contributes four valence electrons. 
Oxygen is in group VIA, so each of the three oxygens contributes six electrons. 


A = (1 carbon X 4) + (3 oxygens X 6) + 2 = 24 
The number of shared electrons is 
S= N-A=32-24=8 
The number of bonds is four, since each bond is composed of two electrons. For a carbonate ion, this 


corresponds to two single bonds and one double bond. It does not matter which bond is drawn as a double 
bond. 


O O 


s 


O 
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5. The difference between the number of available electrons, 24, and the number of shared electrons, 8, is the 
number of electrons that occur as lone pairs. There are 16 nonbonded electrons, or 8 lone pairs. 


os, Zo 


C 
:O: 
It is equally correct to draw the bonds as pairs of dots rather than lines. Both methods will earn credit on 
the AP Chemistry exam. 
öö: 
Ca 
:O ; 


6. Each singly-bonded oxygen atom has a formal charge of —1. The sum of the formal charges in a carbonate 


ion is —2. 
FC =6—-1—-6=-1 
FC =6—2-4=0 


PRACTICE: 
Draw Lewis structures for the following species. Be sure to include formal charges. 


(a) ONF 
(b) NOF 
(c) HCN 
(d) HNC 


Notice that in ONF and HNC, nitrogen is the central atom. In NOF, oxygen is central, and in HCN, 
carbon is central. 


The position of the central atom has an effect on the formal charges of the atoms, as can be seen when formal 
charges are assigned. 


(a) (b) (c) (d) 


O H— Nc: 


SAE ONAE eeN: e_ © 
Or 
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Resonance Structures 


Some molecules, such as the carbonate ion shown in the last example, can be drawn as several different valid 
structures. The bond lengths for a carbonate ion are intermediate between the expected single- and double-bond 
lengths. In addition, the four pairs of shared electrons are distributed equally throughout the molecule. This is 
called delocalization, and the structure is said to exhibit resonance. In order to fully describe the bonding in such 
hybrid structures, all resonance structures must be drawn with the resonance relationship indicated by double- 
headed arrows. It is important to recognize that the double bonds are not exchanging positions. In the carbonate 
ion, all three bonds are of equal length. The bonds are shorter than carbon-oxygen single bonds, but they are 
longer than carbon-oxygen double bonds. 


Resonance Structures of Carbonate 


O: :O 6:9 O16 ie 
yw b T E 


> <—>- | 
©O:0: :0: © :O: 
In some cases, not all resonance structures are equal, and some resonance forms contribute more to the overall 
hybrid structure than others. Thionyl chloride can be drawn as two unequal resonance forms. Note: When stu- 
dents are asked to draw Lewis structures of compounds in which strict adherence to the octet rule by all atoms is 


possible, the structure on the right is acceptable. Only when students are asked to compare the relative contribu- 
tions of resonance structures is the structure on the left required. It violates the octet rule. 


Resonance Structures of Thionyl Chloride 


| . <—_—_>. 
:Cl A NG: 
The structure that makes the larger contribution is the one in which: 


= each second period element has a complete octet 
= the formal charge on each atom is as close to zero as possible (referred to as “least separation of charge”) 


m negative charges occur on more electronegative elements 


In the case of thionyl chloride, the structure on the left makes the greater contribution to the hybrid structure 
because it has the least separation of charge. 
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PRACTICE: 


For each of the pairs of resonance structures below, select the structure in each box that makes the 
greater contribution to the hybrid. 


In the first pair, structure A makes the greater contribution to the PO? resonance hybrid. There is less separation 
of charge in this structure than there is in structure B, and two of the atoms, P and O, have formal charges of zero. 


In the second pair, structure A makes the greater contribution to the H,C,O resonance hybrid. The negative 
formal charge occurs on oxygen, the more electronegative element. 


Many common organic compounds contain a six-membered ring. Benzene, C,H, can be represented as two 
resonance structures that make equal contributions to the hybrid. In bottom representations, it is understood that 
each vertex of the hexagon is a carbon atom bound to one hydrogen and two carbons. 


Resonance Structures of Benzene 


| | 
ee a al Rigas 
fo —* | | 
aa i hy 
| 


The structure of benzene is an intermediate between the two resonance forms shown above. 
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Limitations of the Octet Rule 


In some cases, atoms form compounds without achieving octets. 


= Beryllium forms two bonds with no lone pairs. Beryllium needs four electrons rather than eight, so the 
number of needed electrons, N, for beryllium is four. 


Be 


aa F: 


m Group IIIA elements, including boron and aluminum, tend to form three covalent bonds. These elements 
need six electrons rather than eight, so the number of needed electrons, N, is six. The compounds formed 
have no lone pairs on the central group IIIA atom. 


ne i 


H 


= Some p block elements in period 3 and higher form compounds that have more electrons available than the 
number needed to satisfy the octet rule. If the number of shared electrons, S, is less than the number needed 
to bond all the atoms, S is changed to the number of electrons needed to bond all the atoms. After all other 
octets have been satisfied, any remaining available electrons are placed around the central atom. In the 
example below, XeF,, there are three atoms, so N = 3 x 8 = 24. The number of available electrons, A, is 7 for 
each fluorine atom and 8 for the xenon atom (A = (7 x 2) + 8 = 22). The number of shared electrons, S, is 
determined by subtracting A from N. 


S=A-N=24-22=2 


Because four electrons are needed to participate in bonding between xenon and the fluorine atoms, this 
compound violates the octet rule. 


: F— Xe — F : 


PRACTICE: 


Which of the following molecules do not obey the octet rule: AICI,, PC1, PCl,, SF,, SO;? 


The compounds that do not obey the octet rule are AICI,, PC1,, and SOF. 


Aluminum is in group IIIA. It only needs six valence electrons. 
:Cl ron 
re Pa : 
:Cl: 


Phosphorus pentachloride needs to share ten electrons in order to bond all the chlorine atoms to the central 
phosphorus. The calculated number of shared electrons (8) is less than the minimum number needed to bond all 
the chlorine atoms to the phosphorus atom. In this case, five bonds are drawn, representing the minimum number 
of shared electrons. The available electrons (4) are then added to provide each chlorine atom with an octet. 
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. | a N=6X8=48 
CI — P 
7 Sew A=(5X7)+(1 x 5) =40 
a 
~ S = 48-40 =8 


Some species, such as the sulfate ion, can be drawn with strict adherence to the octet rule by all atoms (and this is 
permissible on the AP Chemistry exam if a question merely asks for a Lewis structure), but the resulting structure 
has a great deal of separation of charge. All four oxygen atoms in this structure have negative charges, and the 
sulfur atom has a +2 charge. The more important contributors to the hybrid structure are those that have 
negative charges on only two of the oxygen atoms. 


-O = 
:O: "O°: 
o. |@.¢ o- || o 
sat lied <> %0—s—O; 
:O: ,O, 
“O ° e 
The other compounds, PCI, and SF, obey the octet rule. 
Cl. ‘ca 


Cle 


Lewis structures are limited in that they only work well for molecules that have an even number of valence elec- 
trons. Other models of bonding, such as molecular orbital theory, are needed to describe the bonding in mole- 
cules with odd numbers of valence electrons, but the details of molecular orbital theory are now excluded from 
the AP Chemistry curriculum. 


The VSEPR Model 


Once the Lewis structure of a molecule has been established, the molecular shape and polarity of a molecule can 
be determined using the valence shell electron pair repulsion (VSEPR) model. This is a powerful system for predic- 
tion of molecular geometry, and it requires memorization. Bonds and electron pairs are treated as regions of elec- 
tron density around the nucleus of an atom. These regions of electron density are oriented as far apart as possible 
in order to minimize repulsions. In addition, lone pairs of electrons on a central atom will take up more space 
than bonding pairs of electrons. 


Steps in Predicting the Molecular Geometry of a Molecule 


1. Draw the Lewis structure. 


2. Count the regions of high electron density. Each atom, X, bound to the central atom, A, is counted as one 
region of electron density, regardless of whether the bond to that atom is single, double, or triple. Each lone 
pair, E, counts as one region. 


3. Determine the electronic geometry based on the total number of regions of electron density, X + E. 
4. Determine the molecular geometry by considering only the bonding pairs of electrons, X. 


The following electronic geometries and molecular geometries must be memorized. (Hybridization about the 
central atom will be discussed below in the section entitled “Orbital Hybridization.”) 
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Hybridization 
Electronic About the Molecular 
Geometry Central Atom Formula Geometry Structure Examples 


Linear Linear BeCL, CO HCN 
AX, 


Trigonal planar Trigonal planar BF,, SO,, CO; 


Bent SO,, O,, NO; 


Tetrahedral AX, Tetrahedral CH,, NH;, SO; 
AX,E Trigonal NH,, PCI, SOF 
pyramidal 
A. 
x< N K 
<109.5° X 
AXE, H,O, OF, NH; 
winx 
<109.5° 
X 


sp 
Trigonal spd Trigonal PCL, PF, 
bipyramidal (not tested on bipyramidal 


AX, 
the AP 
Chemistry 
AX,E Seesaw-shaped 
(diphenoidal) 
E 


exam) 


SF,, XeF,, IF? 


BrF,, IC], 


continued 
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Hybridization 
Electronic About the Molecular 
Geometry Central Atom Formula Geometry Structure se 


Octahedral sp d’ Octahedral 
(not tested on 
the AP 
Chemistry 
exam) 


Square 
pyramidal 


Square planar XeF,, ICl, 
X X 
oan 


The molecular geometry of more complicated organic structures can be elucidated by considering each central 
atom in turn. For example, the molecular geometry of acetic acid, CH,CO,H, can be determined by considering 
the two carbon atoms individually. The geometry with respect to the -CH, carbon is tetrahedral (AX,), while the 
geometry of the -CO,H carbon is trigonal planar (AX,). 


A Three-Dimensional Model of an Acetic Acid Molecule 


Trigonal 
planar carbon 


Tetrahedral 
carbon 


PRACTICE: 


Predict the electronic and molecular geometries around each of the central atoms in NO;, N,O, XeO,, 


and XeO;. Notice that each species can be correctly drawn as more than one resonance structure. 
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Draw each Lewis structure and count the numbers of atoms and lone pairs surrounding the central atoms. 


© 


. Pas : (0° ©) Oo Xe ss 
5 2 ate Po Xe i ha 7 À 
NI OG | ne) © „0O 
OO: ` 
“© 
N O, © Xe 
a y Doa O° 2 \\=0: 
. e >» :N IA l Xe SS oe O7 
j Oo | | No: ; 
Formula: AXjE Formula: AX, Formula: AX4E Formula: AX3E 
Electronic geometry: Electronic geometry: Electronic geometry: Electronic geometry: 
Trigonal planar Linear Trigonal bipyramidal Tetrahedral 
Molecular geometry: Bent Molecular geometry: Molecular geometry: Seesaw Molecular geometry: 
Linear Trigonal pyramidal 


Dipole Moment 


Once the molecular geometry of a molecule or polyatomic ion has been established, the polarity of the molecule 
can be predicted. The dipole moment is a measure of the inequality of charge distribution in a molecule. The 
polarity of the molecule is indicated by a vector that points in the direction of the more negative region of the 
molecule. 


The overall dipole moment of a molecule is the vector sum of the individual bond dipoles. In symmetric mole- 
cules, such as CO,, the bond polarity vectors cancel, the dipole moment of the molecule is zero, and the molecule 
is nonpolar. 


When the arrangement of bonds and lone pairs around the central atom is asymmetric, as is the case for ammo- 
nia, the overall dipole moment is nonzero and the molecule is polar. 
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Dipole from N 
to lone pair 


Overall dipole 
moment vector 


Three individual 
bond dipoles 
from H to N 


PRACTICE: 


The structures below represent ortho-dichlorobenzene and para-dichlorobenzene. Which of these 
molecules below is polar? The Pauling electronegativity of chlorine and carbon are 3.1 and 2.5, 
respectively. 


‘Cl: “Cl: 


“CI: 


ortho-dichlorobenzene para-dichlorobenzene 


The C-C and C-H bonds are nonpolar, so the only bonds that need to be considered are the C-Cl bonds. Chlorine 
is substantially more electronegative than carbon. The bond dipole vectors point from the carbon atoms toward 
the chlorine atoms. The vectors cancel in para-dichlorobenzene, so it is nonpolar. Since the vectors do not cancel 
in ortho-dichlorobenzene, it is a polar molecule. 
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Resultant dipole No net dipole 
moment situated moment 
between the two 

chlorine atoms 


Orbital Hybridization 
When bonding occurs, atomic orbitals are thought to combine to form molecular hybrid orbitals. The number of 


hybrid orbitals equals the number of atomic orbitals that were combined. 


A simple method for determining the hybridization about a central atom is to count the number of regions of 
electron density. Central atoms such as the beryllium atom in BeF, have two regions of electron density, bond 
angles of 180°, and are sp hybridized. Central atoms surrounded by three regions of electron density, such as the 
carbon atom in carbonate, are sp’ hybridized and have bond angles close to 120°. Central atoms with tetrahedral 
electronic geometry and bond angles close to 109.5°, such as the nitrogen in ammonia, are sp’ hybridized. 


Orbital Hybridization 


ee ee ©) ee 
: F— Be ——F: ne o° o N 
2 Re _O o” ~H 
` See 7 Ho \ DS 
sp ee 


sp? © 


sp3 


Sigma and Pi Bonds 


Sigma (0) bonds are cylindrically symmetric bonds formed from head-on overlap of two atomic orbitals. A ©., 
bond is formed between two s orbitals, as is the case in H,. In HF, a o,, bond is formed between the s orbital of 
hydrogen and a p orbital of fluorine. A o, orbital is formed between two p orbitals, as in F,. It is acceptable to 
simply refer to any of these simply as a “o bond.” 
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Sigma Bonding 


H + H H—H 

Os_5 
\ H ! + J “> 

R wt 
H + F H F 
Os-p 
s wae 3 er a 
F + F F F 


Op-p 


Pi (7) bonds result from side-by-side overlap of p orbitals. Each z bond contains a pair of electrons and is perpen- 
dicular to a line drawn between the nuclei of the two bonded atoms (the internuclear axis). Pi bonds can only 
form between atoms that are already participating in o bonding. They are weaker than o bonds because there is 
not as much overlap between the z-bonded p orbitals. 


A 7 bond occupies a region both above and below the internuclear axis. This representation should not be con- 
fused with two separate m bonds. 


Pi Bonding 


t é 
t } r 


In atoms that participate in double and triple bonding, the first bond formed between the atoms is a ø bond, and 
the second and third bonds are z bonds. In addition, atoms joined by only o bonds can rotate around those 
bonds, but atoms joined by z bonds cannot rotate without breaking the bonds. For this reason, a molecule like 
1-chloropropane, which is connected by only o bonds, can be drawn several different ways without changing the 
structure. A molecule like 1-chloropropene, however, which has a oand az bond between carbons 1 and 2, exists 
in two discrete forms called geometric isomers. 
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Geometric Isomerism 


a H3 Hy 
Cl | C C-C bond wee S 
l 2 2 cu; Tonen HC CH3 The C-C sigma bond allows 
H3 TOVA free rotation. No geometric 
1-chloropropane :Cl: isomers are possible. 
CH3 CH3 
c | No C=C 7 | The C-C pi bond hinders 
a ee . — Sone N free rotation and results in 
C H bond C H t mos 
wo geometric isomers. 
| rotation | 
H :CIl: 


1-chloropropane 


PRACTICE: 


Identify the o and z bonds in the following structure. Which bonds allow free rotation? 


Bond (a) is a triple bond composed of one o and two z bonds. Bonds (b) and (d) are single bonds, each composed 
of one o bond. Bond (c) is a double bond composed of one o and one z bond. Only (b) and (d), the single bonds, 
allow free rotation. 


Multiple Bond Strengths 


In general, when comparing single, double, and triple bonds between a given pair of atoms, the larger the number 
of electrons shared between the atoms, the shorter and stronger the bond. In general, single bonds are the longest 
and weakest since they consist of only one o bond, and triple bonds are the strongest and shortest since they are 
composed of one oand two z bonds. Bond enthalpy is a measure of the strength of a bond. It is the energy 
required to break a bond. The higher the bond enthalpy, the stronger the bond. Shown below are the bond 
enthalpies and average bond lengths of carbon-carbon single, double, and triple bonds for comparison. 


Bond Enthalpy (kJ-mo!") Approximate Bond Length (pm) 
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Infrared Spectroscopy 


Covalent bonds in molecules vibrate. Two covalently bonded atoms can be visualized as suspended marbles con- 
nected by a spring. The spring stretches and recoils with a certain frequency. For a covalent bond, this frequency 
lies in the infrared region of the electromagnetic spectrum. In general, bonds between large atoms vibrate with 
lower frequencies than bonds between small atoms. 


Marbles Connected by a Spring 


When photons matching the vibrational frequencies of bonds are absorbed, the absorbed energy causes mole- 
cules to transition from vibrational ground states to vibrational excited states. The vibrational states are quan- 
tized, which means that the vibrations of bonds can have only certain allowed frequencies. This is the basis for 
infrared spectroscopy, a technique that provides chemists with one method for determining the types of functional 
groups present in a molecule. 


As discussed previously, a functional group is a group of atoms that determines the chemical properties of a com- 
pound. Some examples of the types of bonds that are easily identified by infrared spectroscopy are C-H, C-C, 
C=C, C-N, C-O, C=O, and O-H bonds. The different types of bonds have different characteristic vibrational fre- 
quencies in the infrared region. 


An infrared spectrometer is a device that measures the frequencies of infrared radiation that are absorbed by a 
sample. An infrared spectrum, which is characteristic of the molecules in the sample, is produced. 


The infrared region encompasses photon frequencies of 4.3 x 10 — 3.0 x 10" s”. These frequencies are very large, 
so they are generally expressed as wavenumbers, cm”. The wavenumber is just the frequency divided by the speed 
of light in cm's”. Students will not be expected to calculate wavenumber, but they should know that wavenumber 
is proportional to frequency. 


The percent transmittance, which shows the portion of infrared radiation that is not absorbed by a sample, is 
plotted on the vertical axis of an infrared spectrum. 


The infrared spectrum below is the spectrum of methanol, CH,OH. From a table of characteristic IR frequencies, 
some of the peaks can be identified. Students are only required to know that different kinds of bonds absorb dif- 
ferent characteristic IR frequencies and that these absorptions can help in the identification of the functional 
groups present in a compound. 
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The Infrared Spectrum of Methanol 
105 
100 
95 
90 
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60 of an O-H bond. 
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% Transmittance 
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methanol 
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lonic Bonding 


Ionic bonds are electrostatic attractions between positive and negative ions. The electronegativity difference 
between atoms participating in an ionic bond is usually greater than 1.7. Ionic bonds are formed when electrons 
are transferred between two or more atoms. The resulting charged species are attracted to one another by coulom- 
bic attractions. 


The energy released when a cation and an anion in the gas phase come together to form an ionic solid is called 
the lattice energy. It is the measure of the strength of an ionic bond. It can be represented using the form of 
Coulomb’s law that was introduced in Big Idea 1 (Chapter 1, “Structure of Matter”): 


E ee 1192 
r 


The lattice energy, E, is proportional to the product of the ionic charges, q, and q,, and is inversely proportional 
to the distance, r, between the centers of the ions. When the ions have charges that are opposite in sign, the lattice 
energy is negative, indicating an attractive force and a release of energy when the ionic solid forms. The more neg- 
ative the lattice energy, the stronger the ionic bond. 


PRACTICE: 


Predict the order of increasing lattice energy magnitude for CaCl,, Fe,O,, KCl, and FeO. 


There are two factors to consider when answering this question. The first is the charge of each ion, and the sec- 
ond is the radius. Since the radii of the cations (ranging from 116 pm for Na* and 80 pm for Fe”) and the radii of 
the anions (126 pm for O* and 167 pm for CI) have similar orders of magnitude, the product of the charges, q,q,, 
will be the more important determinant in this example. 
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CS a E 


Since the value of q,q, becomes more negative progressing from KCI to Fe,O,, the order of increasing lattice 
energy magnitude is KCI < CaCl, < FeO < Fe,O,. Actual reported values for the lattice energies are shown for 
comparison. 


Ionic solids form in such a way as to maximize attractive forces between oppositely charged ions and minimize 
repulsive forces. This leads to orderly crystal structures in which each cation is surrounded by anions and each 
anion is surrounded by cations. The regular positions occupied by the ions are referred to as lattice points. 


The Structure of an Ionic Crystal 


Metallic Bonding 


Metallic bonding is characterized by a regular three-dimensional array of metal cations surrounded by freely 
moving valence electrons. The outermost electrons are delocalized, which accounts for many of the observable 
physical properties of solid metals, such as conductivity and malleability. The properties will be discussed in 
greater detail in the section “Metallic Solids” later in this chapter (page 104). 


The Electron Sea Model of Metallic Bonding 


renee Fae aa ee 
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intermolecular Forces 


Intermolecular forces, also known as IMFs, are weak attractions between covalent molecules or discrete atoms. 
They are not to be confused with bonds. Bonds are intramolecular forces within molecules. When bonds are broken 
or formed, the identity of the species is changed. When intermolecular forces between molecules are broken or 
formed, the molecules themselves remain unchanged. 
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When molecular solids such as ice melt, for instance, some of the intermolecular forces (called hydrogen bonds) 
between the H,O molecules are broken, but the covalent bonds between hydrogen and oxygen are not. Additional 
intermolecular forces are overcome in order to separate the H,O molecules completely into the gas phase when 
water evaporates or boils, but again, no covalent bonds are broken. The amount of energy required to break a 
covalent O-H bond is much greater than the amount of energy required to overcome the intermolecular forces 
between molecules. 


Physical properties such as the miscibility of compounds are a direct consequence of the types of intermolecular 
forces present between molecules of the substances. In general, because stronger intermolecular forces require 
more energy to overcome than weaker intermolecular forces, they lead to higher boiling points, higher melting 
points, higher viscosities, higher surface tensions, and lower vapor pressures. 


London Dispersion Forces 


London dispersion forces are the weakest of the intermolecular forces. They are present between any molecules 
that are in proximity of one another. 


London dispersion forces are the only intermolecular forces acting between nonpolar molecules and single atoms 
such as noble gases. They are a result of instantaneous dipoles caused by the momentary and reversible accumula- 
tion of electron density in one region of a molecule at the expense of another region. This fleeting dipole moment 
causes the electron density in surrounding molecules to be attracted to the temporary partial positive region. This 
results in additional instantaneous dipoles in the neighboring molecules. The end result is a net attraction 
between the molecules. 


Polarizability refers to how easily electrons can be displaced within a molecule. The more polarizable the electron 
density is in a molecule, the stronger the London dispersion forces experienced by the molecule. A molecule with 
greater surface area and with many electrons is more polarizable than a molecule with less surface area and fewer 
electrons. This is illustrated by the phases of the halogens at room temperature and atmospheric pressure. F, and 
Cl, are gases at room temperature, Br, is a liquid, and I, is a solid. The I, molecule has the most electrons and is 
the most polarizable, so its London dispersion forces are the strongest. Moving down the group, each halogen has 
more electrons and is more polarizable. The London dispersion forces become increasingly strong, and the halo- 
gens have more of a tendency to stick together. 


Shown below are two organic molecules called pentane and neopentane. Although both molecules are composed 
of five carbons and twelve hydrogens, pentane has a higher boiling point than neopentane because of its larger 
surface area and greater polarizability. 
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Comparison of the London Dispersion Forces in Pentane and Neopentane 


CH; H H H H 4H 
Neopentane H;C——C — CH, a oe oe ae —C—H Pentane 
ie kk te & 4 


More surface area 
means more London 
dispersion forces. 


Less surface area 
means fewer London 
dispersion forces. 


Dipole-Dipole Attractions 


Dipole-dipole attractions are intermolecular forces between polar molecules. The partial positive portion of one 
molecule is attracted to the partial negative end of a neighboring molecule. The more polar the molecules, the 
stronger the dipole-dipole attraction. 


Dipole-Dipole Attractions Between HC] Molecules 
6+ ô- d+ ô- 


Dipole-Induced Dipole Attractions 


Dipole-induced dipole attractions are interactions between polar and nonpolar molecules. Proximity to a polar 
molecule causes an instantaneous dipole in the polarizable electrons of a nonpolar molecule, resulting in an 
attraction. Nonpolar oxygen molecules are capable of dissolving in polar water molecules because of dipole- 
induced dipole interactions. 


Hydrogen Bonds 


Hydrogen bonding, a subset of dipole-dipole attractions, occurs in molecules that have hydrogen bound to N, O, 
or F. These elements are so electronegative and remove so much of the electron density from the hydrogen atom 
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that the hydrogen begins to behave like a bare proton. It experiences a strong attraction to the electron pairs of 
the N, O, or F atoms of adjacent molecules, and the resulting attraction is the strongest of the intermolecular 
forces. Hydrogen bonds are still very weak, however, when compared to ionic or covalent bonds. It cannot be 
stressed enough: Despite their name, hydrogen bonds are not bonds. They are intermolecular forces. 


Hydrogen Bonding Between H,O Molecules 


The implications of hydrogen bonding are seen as boiling point anomalies for the second-period hydrides HF, 
H,O, and H.N. In general, boiling points for the hydrides increase down a group on the periodic table due to 
increased London dispersion forces. For groups VA, VIA, and VIIA, though, the boiling point of the period 2 
hydride is much larger than expected. Because hydrogen bonding is a much stronger intermolecular force than 
dipole-dipole interactions or London dispersion forces, the energy required to convert NH,, HF, or H,O from the 
liquid to the gas phase is higher than would be predicted based on the trend. 


Boiling Point Trends for the Groups 14-17 Hydrides 


Group 14 (IVA) 

a mo Group 15(VA) | ------------- 
Group 16 (VIA) 
Group 17 (VIIA) --.--.--.--.- 


Boiling point (°C) 


Period 


Hydrogen bonding is very important in biology, and there is emphasis on this fact in the AP Chemistry curricu- 
lum. Noteworthy examples include hydrogen bonding between the base pairs of the DNA molecule, as shown 
below. Adenine and thymine form two hydrogen bonds, and cytosine and guanine form three hydrogen bonds. 
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The Role of Hydrogen Bonding in the Structure of DNA 
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PRACTICE: 


Rank the listed substances in order of increasing melting point. Justify your ranking. 


XeF,, CO,, CS, 


The correct order of increasing melting point is CO, < CS, < XeF,. Carbon disulfide, carbon dioxide, and xenon 
difluoride are all nonpolar, linear molecules. None has a dipole moment because the symmetrical arrangement of 
the regions of electron density around the central atoms cancels any net dipole. Xenon difluoride, however, has 
the most electrons and is the most polarizable, so its London dispersion forces are stronger than those in CS, and 
CO.. It has the highest melting point. Carbon disulfide has more electrons and is more polarizable than carbon 
dioxide, so the melting point of carbon dioxide is the lowest. 


“O —c—o' "S — cs ` a= e —=F + 


Physical States of Matter 


Solids and liquids are condensed states of matter. The densities of solids and liquids are much higher than those 
of gases, and they are relatively noncompressible (this means that increasing pressure does not substantially 
decrease their volume). Solids are rigid and hold their shape, whereas liquids conform to the shape of the bottom 
of their container and assume a flat surface due to gravity. 


Gases, by contrast, are diffuse and compressible. Compared with solids and liquids, there is much more space 
between the molecules of a gas. The particles will spread out and evenly fill a container. The properties of gases 
are much different from those of solids or liquids. 
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Particulate Comparison of the Solid, Liquid, and Gas States 


Kinetic Molecular Theory 


Ideal gases are those with behavior that is described by kinetic-molecular theory. At sufficiently high temperatures 
and low pressures, all gases behave ideally. 


Kinetic Molecular Theory Postulates: 


= The atoms or molecules that make up a gas are in continuous, random motion. 

All collisions between gas particles or between gases and the walls of their container are perfectly elastic 
(no energy is lost due to the collisions). 

The pressure exerted by a gas is due to collisions of the particles with the walls of the container. 

The volume of individual gas particles is negligible compared to the empty space between the particles. 
The temperature of a gas is a measure of the average kinetic energy of the particles. 


Samples of gases can be described by four variables: pressure, temperature, volume, and number of moles. 


Pressure, which is due to the collisions of gas molecules with the walls of their container, is a measure of force 
exerted by a gas per unit area. At sea level, the height of mercury in a mercury barometer that is supported by 
the atmosphere, or the barometric pressure, is 760 mm Hg. This is equal to 760 torr, 1 atmosphere (atm), or 
101 kiloPascals (kPa). The necessary conversion factors will be provided in the AP Chemistry Equations 

and Constants sheet (pages 365-366) on the exam or within the questions themselves. 


Mercury Barometer 


Vacuum 


Atmospheric 
pressure 


3H WU 094 
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Kinetic energy is energy of motion. Temperature is a measure of the average kinetic energy of the particles ina 
sample. In all gas law calculations, the temperature in Kelvin must be used. The temperature in Kelvin is given by 


K =°C +273 
The kinetic energy, KE, for a single particle is given by 


KE = Sa 
2 


Where m is the mass of the particle and v is the speed or velocity of the particle. Not all of the particles in a sample 
are moving at the same speed. The distribution of the speeds of the particles in a sample can be described by a 
Maxwell-Boltzmann curve. 


The Maxwell-Boltzmann Distributions of Two Samples of Gas at Different Temperatures 


Most probable speed 


i| Average speed 


Low temperature distribution 


Identical samples of High temperature distribution -------- 
gas at two different 


temperatures 


Fraction of Molecules 


Molecular speed 
Narrower distribution 


Broader distribution 


The two curves shown here represent two otherwise identical gas samples at two different temperatures. The areas 
under the two curves are equal, but the average speed of the particles in the high-temperature sample is greater 
than that of the particles in the low-temperature sample. It should also be noted that as the temperature increases, 
the range of velocities broadens. In addition, the average velocity is slightly higher than the most probable veloc- 
ity since the curve is not symmetrical and is skewed toward higher speeds. 


The Maxwell-Boltzmann distribution may also be used to describe the speeds of different types of molecules at 
one temperature. In this case, molecules with higher molar mass tend to move at speeds closer to their average 
velocity, while molecules with lower molar mass tend to have a broader range of velocities. 
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The Maxwell-Boltzmann Distributions of Two Samples of Gas with Different Molar Masses 


Most probable speed 
|| Average speed 


Low molar mass distribution 


Identical numbers of High molar mass distribution -------- 
molecules of two different 


gases at the same temperatures 


Fraction of Molecules 


Molecular speed 
Narrower distribution 


Broader distribution 


In general, the average velocity of gas molecules in a sample increases with increasing temperature and decreases 


with increasing molar mass, M. 
Average velocity < , Z 
M 


Diffusion is the dispersal of gas particles throughout a container. Effusion is the escape of gas particles through 
tiny pores in a barrier from regions of higher pressure to regions of lower pressure. Average velocity of a gas is 
related to the rates of diffusion and effusion of the gas, because the faster the particles are moving, the more 
quickly they fill a container or pass through an opening in a barrier. All gases diffuse and effuse more quickly at 
higher temperatures than at lower temperatures. 


Diffusion and Effusion 


Higher pressure Lower pressure 


Diffusion Effusion 
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Small molecular weight gases effuse and diffuse faster than higher molecular weight gases. The relationship 
between rates of motion of two gases is given by Graham’s law. In this equation, rate, and rate, refer to the rates 
of diffusion or effusion of gases A and B, respectively, and M refers to the molar mass. This equation is not avail- 
able on the AP Chemistry Equations and Constants sheet (pages 365-366). 


rate, /|M, 


rate, M, 


PRACTICE: 


A mixture of helium and nitrogen is contained in a balloon. A microscopic hole is punctured in the 


balloon. What is the ratio of the rates of effusion of helium to nitrogen? 


The molar mass of helium, a noble gas, is 4.00 g-mol”. The molar mass of nitrogen, N, is 28.02 g-mol". The ratio 
of the rates can be determined using Graham’s law. 


rate,,. B 28.02 g-mol" -265 
raten, 4.00 g-mol" 


Helium diffuses through the opening 2.65 times as fast as nitrogen. 


Boyle’s Law 


The product of the volume and the pressure of a gas is constant. At constant temperature the volume, V, of a gas 
sample is inversely proportional to its pressure, P. This relationship is named Boyle’s law after its discoverer, 
Robert Boyle. 


Poe — 
y 


Boyle’s Law 


Pressure 


| 
¥ 4 
2 


Volume 
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Charles’ Law 
Charles’ law states that the volume of a sample gas is directly proportional to the absolute Kelvin temperature of 
the gas at constant pressure. 


yV œT 


The graph of volume versus temperature can be extrapolated to a temperature at which volume is theoretically zero. 
This temperature, 0 Kelvin or absolute zero, is —273 °C. Temperatures of 0 K have not been attained in a laboratory. 


Charles’ Law 


Volume 


0 Temperature (K) 


<l 
Extrapolated temperature 


Avogadro’s Law 
Equal volumes of gases at the same temperature and pressure contain identical numbers of moles of gas molecules. 
This relationship is known as Avogadro’s law: The number of moles of gas, n, is directly proportional to the volume. 


no V 


Ideal Gas Law 
The experimental observations of Boyle, Charles, and Avogadro are summarized in the ideal gas law, the equation 
from which any ideal gas conditions can be determined. 


PV =nRT 


The universal gas constant, R, is 0.08206 L-atm-mol":K™. The ideal gas law and the value of R are given on the 
AP Chemistry Equations and Constants sheet (pages 365-366). 


For example, the pressure exerted by 0.50 mole of an ideal gas occupying 3.0 L at 200 K can be found by 
rearranging the ideal gas equation. 


p- "PT 
V 
0.50 mol x 0.08206 K- atm- mot” -K* x 200 K 
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PRACTICE: 


Find the number of liters occupied by 0.22 mole of an ideal gas at a temperature of 42 °C and 
3800 torr. 


The pressure must first be converted to atmospheres. 


l atm 
3800 f x————— 5.0 atm 
Sort 760 tort 


The temperature must be expressed in Kelvin. 


42 °C +273 =315K 


The ideal gas equation is rearranged to solve for volume. 


_ ART _ (0.22 yao! (0.08206 L- atr - mot” - K7 X315 Kiain: 


V 
P 5.0 atm 


Since R is constant, rearranging the ideal gas equation gives a form that allows for useful calculations. 


Rall 
nT 


The initial conditions of a gas, P, V, n, and T, are related to the final conditions, P,, V,, n,, T,, by 


Any of the four variables that remain constant can be cancelled out of the equation. For instance, a problem may 
provide an initial volume and pressure. The question may then ask for a final pressure at a new volume, assuming 
the number of moles and temperature are held constant. The number of moles and the temperature cancel out of 
the equation since n, = n,and T,= T,. 


PV, _ PVs 

RE WY 
EV, = BV 
PY, 
A 


In this way, any of the ideal gas laws can be quickly derived from the ideal gas equation given on the 4P 
Chemistry Equations and Constants sheet (pages 365-366). 


PRACTICE: 


A rigid 5.0-L container holds 2.0 moles of gas at 800.0 torr. What is the new pressure if an additional 


1.5 moles of gas are added at constant temperature? 
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Since both the volume and the temperature are held constant, the needed equation relates pressure to number of 
moles. The final number of moles, n, is equal to the initial number of moles, n, plus 1.5 moles, which is the num- 
ber that has been added. 


Ni i n, Vy 
Pn; = P,n, 
Pn 
P, = = 
f n, 
P, = 800.0 torr x (2.0 mol +1.5 mol) er 


2.0 mot 


Standard Temperature and Pressure 


By convention, standard temperature and pressure, STP, for the purposes of gas law calculations, are 0 °C (273 K) 
and 1 atm. 


PRACTICE: 


Find the volume occupied by 1.0 mole of an ideal gas at STP. 


Standard temperature is 273 K, and standard pressure is | atm. 


Rearranging the ideal gas equation gives the expression for volume. 


_ nRT _ 1.0 mol x 0.08206 L- ati - mot - KT x 273 K 


V 
P 1.0 atm 


=22.4L 
This is a very useful relationship, because at STP, the volume of one mole of any ideal gas is 22.4 L. 


Gas Density 


The density, D, of a gas is equal to the mass of gas that will occupy a given volume at a certain temperature and 
pressure. 


pe 
V 


A relationship can be derived between the temperature, pressure, density, and molar mass using the ideal gas law. 


Since molar mass, M, is equal to grams per mole, the relationship between the number of moles, n, and the mass, 
m, is given by the following relationship. 


m 
n= — 
M 


This relationship can be substituted into the ideal gas law. 


pv=( Z )RT 
M 
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Rearrangement gives an equation for the molar mass, and D can be substituted for ™. 


_mRT 
VP 
M= DRT 


P 


A common laboratory investigation in AP Chemistry involves determination of the molar mass of a volatile liq- 
uid by elucidation of its density at a known temperature and pressure. A container with a known volume is 
weighed together with a small piece of aluminum foil punctured with a pinhole. A small amount of the liquid is 
placed in the bottom of the container and the container is covered with the foil. The flask is gently heated to a 
recorded temperature until the entire sample of liquid is vaporized. It is assumed that the pressure reached by the 
vapor is equal to the barometric pressure in the room and that the entire volume of the container is filled with 
vapor. The flask is allowed to cool to room temperature so that the vapor that filled the flask condenses. The 
mass of the flask and foil is subtracted from the mass of the flask, foil, and liquid to give the mass of the vapor. 


PRACTICE: 


A student obtains a 10-mL sample of an unknown liquid. She weighs an Erlenmeyer flask and a 
square of aluminum foil on a balance and obtains a combined mass of 55.21 grams. The student 
places the liquid into the flask, covers the flask with aluminum foil, and then places the flask into a 
water bath at 90. °C. Once the liquid has completely vaporized, the student removes the flask and 


allows it to reach room temperature. Droplets of the volatile liquid form on the walls of the flask. The 
flask, foil, and liquid are weighed and found to have a mass of 55.31 grams. The student rinses out the 
flask and fills it to the brim with water. She carefully pours the water into a graduated cylinder and 
finds that the water has a volume of 57.4 mL. The atmospheric pressure in the room is 1.00 atm. What 
is the molar mass of the liquid? 


The mass of the vapor is the difference between the empty flask with foil and the flask with foil and the 
condensate. 


m= 55.31 g- 55.21 g=0.10 g 
The temperature is expressed in Kelvin. 
T = 90. °C + 273 = 363 K 


The density of the vapor is the mass per unit volume. The mass of the re-condensed liquid is the same as the mass 
of the vapor that occupied the flask at the high temperature. 


_ 0.10 ¢g 


= = 0.0017 g- mL” 
57.4 mL 


(0.00174216) 


Finally, the molar mass is determined using the equation derived from the ideal gas law. 


-1 
m- PRT _ (0.00174126 g mE (0.08206 K - atr - mol” - K” (363 K) | 1000 mÉ 52 g- mol” 
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Dalton’s Law of Partial Pressures 


Dalton’s law states that the total pressure of gas in a mixture of gases is equal to the sum of the pressures that the 
individual gases would exert by themselves. For gases A, B, and C in a mixture, the total pressure, P „is equal to 
the sum of the partial pressures. 


total? 


P P, + P,+ Po 


total — 


The partial pressure of a gas is equal to the total pressure multiplied by the mole fraction, X, of that gas in the 
mixture. The following equation is included on the AP Chemistry Equations and Constants sheet (pages 365—366). 


les A 
P =P moles 


total X Xa» Where X, = 


total moles 
Ny 


X Fe 
N, + Ng tne 


PRACTICE: 


A 50-mL tube inverted over a dish of water contains CO, and water vapor at STP. The partial pressure 


of H,O is 24 torr. What is the mole fraction of CO, in the tube? 


The partial pressure of CO, is given by the difference between the total pressure (atmospheric pressure) and the 
partial pressure of water. 


F CO, `~ Pota ~ AA H,O 
Foo = 760 torr — 24 torr = 736 torr 
2 


Since the partial pressure of CO, is the mole fraction of CO, times the total pressure, the mole fraction can be 
calculated. 


‘Co, _ 736 tort 


Xogos = —— = 0.968 
CO 
2 Pia} 760 torf 


Questions like the one in the previous example apply to laboratory situations in which the gaseous product(s) of a 
reaction (usually a decomposition) are collected in a tube over water. The gas that displaces water in the inverted 
tube contains water vapor with a partial pressure equal to the vapor pressure of water at that temperature. The 
rest of the gases collected in the inverted tube are products of the reaction. 
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Collection of the Gaseous Products of a Decomposition Reaction 


Gaseous products 


Reactant and water vapor 


Water 


Real Gases 


The particles of an ideal gas have no volume and have no interaction with the particles around them other than 
perfectly elastic collisions. They experience no intermolecular forces. In reality, no gases are ideal. Real gas parti- 
cles experience intermolecular attractions (and repulsions at sufficiently close distances). They also occupy space. 
Some gases behave more ideally than others, however. Helium, for instance, occupies less volume and is less 
polarizable than CH,, so its behavior is better described by the ideal gas law. 


Gas particles are attracted to other gas particles because of intermolecular forces. The stronger the intermolecu- 
lar forces between the molecules of the gas, the more the behavior of the gas deviates from that predicted by the 
ideal gas law. In addition, the larger the molecule, the less accurately the behavior of the gas is predicted by the 
ideal gas law. 


As the average kinetic energy (or temperature) of a sample of gas particles increases, the particles move faster. 
The faster the gas molecules move, the more energetic their collisions are. Faster-moving gas particles are better 
able to overcome intermolecular attractions, and so at higher temperatures gas behavior is better predicted by the 
ideal gas law. At very low temperatures, some of the collisions between the gas molecules are not energetic 
enough to overcome the strength of the intermolecular forces. Collisions are more inelastic (the molecules stick 
together). At temperatures close to those at which a gas is expected to condense to the liquid state, a gas deviates 
from ideal behavior. At higher pressures, molecules are closer together, and intermolecular attractions have an 
increased influence on the behavior of the gas than at lower pressures. At very high pressures, gases deviate from 
ideal behavior. 


It is important to remember that gases deviate from ideal behavior as their temperature is decreased and their 
pressure is increased. In other words, the ideal gas law becomes less useful for predicting gas behavior as the gas 
approaches the liquid state. 


PRACTICE: 


Rank the following gases from least to greatest deviation from ideal behavior at STP and explain your 


ranking: CL, CH, H,COCH,, C,H, (It may help to sketch Lewis structures.) 


The correct ranking from least to greatest deviation from ideal behavior is CH, < Cl, < C,H,, < H,COCH,. 


London dispersion forces are the primary intermolecular forces experienced by Cl,, CH,, and C,H,,, but 
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H,COCH, is a bent molecule with two lone pairs on the central oxygen. It is expected to have a dipole moment 
and experience dipole-dipole interactions, so it is the gas that deviates most from ideal behavior. Butane, C,H 
has more surface area and electrons than Cl, and CH,, so its polarizability is greatest. Its London dispersion 
forces are stronger than those of Cl, and CH, so it deviates more from ideal behavior. Methane, CH, has the 
fewest electrons and is least polarizable of all the gases, so its London dispersion forces are weakest and it devi- 
ates least from ideal behavior. 


Solids 


Solid substances can be classified as either amorphous or crystalline. Amorphous solids are solids like glass that 
are relatively disordered on the particulate level. Crystalline solids are regular three-dimensional arrangements of 
atoms, ions, or molecules. Sodium chloride, for instance, is a crystalline solid. Each particle is said to occupy a 
lattice point in the three-dimensional array. For sodium chloride, each lattice point is occupied by a sodium or a 
chloride ion. 


Crystalline and Amorphous Solids 


Crystalline Amorphous 
Solids can be further subcategorized as four general types: ionic, network covalent, metallic, and molecular. Each type 


of solid has properties that can be explained based on the type of bonding and intermolecular forces that dominate. 


lonic Solids 


Ionic solids are three-dimensional arrays of alternating cations and anions held together by coulombic attractions. 
These electrostatic attractions, discussed earlier in the section on ionic bonding (page 86), are relatively strong 
and give ionic solids high melting points and boiling points. 


Ionic solids are hard and brittle. When an ionic solid is struck hard enough for the ions to slip past one another, 
repulsive attractions between like charges cause the crystal to break. 


Breaking an Ionic Crystal 


Stress causes Repulsive forces cause 


Q Q Q Q ions to slip ionic solid to shatter 


OOOO — GOGO QOQ 
OOOO ~ O99 QQ 
OOOO GGG QOQ 


QOQ 
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Electrical conductivity is a measure of how well a material transmits an electric current. Ions or electrons must be 
able to move in order for a substance to conduct electricity. The ions in ionic solids are fixed in place, so ionic sol- 
ids are nonconductive. By contrast, molten, or melted, ionic solids as well as dissociated ions in aqueous solutions 
are mobile and conductive. 


Network Covalent Solids 


Network covalent solids are arrays of atoms held together by covalent bonds. An example is quartz, a crystalline 
form of SiO.. 


Network covalent solids have extremely high melting points since disruption of the atoms requires breaking 
covalent bonds. They also tend to be extremely hard and insoluble in water. 


Diamond and graphite are both allotropes of carbon. Allotropes are different bonding forms of the same element 
in the same phase. Diamond is composed of sp’ hybridized, o-bonded carbon. It is not electrically conductive 
since the electrons are localized between covalently bound atoms. Graphite is a different allotrope of carbon, 
consisting of fused six-carbon rings with delocalized single and double bonds. It is a conductive network solid 
because it is composed of layers of two-dimensional sheets of rings in which the z-bonded electrons are free to 
move. The attractive forces between the graphite sheets are relatively weak London dispersion forces. 


The Structures of Diamond and Graphite 


Diamond Graphite 


forces 
between layers. 


| 


| Intermolecular 


Each carbon atom Each carbon atom 
is sp? hybridized and is sp2? hybridized and 
bound to four bound to three 
other carbon atoms. other carbon atoms. 


Elemental silicon is another important network covalent solid. Silicon is a semiconductor, which means that its 
electrical conductivity is greater than that of an electrical insulator like diamond, but less than that of a conduc- 
tor like pure copper. 


As its temperature is raised, silicon’s electrical conductivity increases. To understand why this is the case, it is use- 
ful to envision bands of adjacent molecular orbitals. The valence band of orbitals contains the valence electrons, 
and the conduction band is a higher-energy band in which conductive electrons can move through the solid. 

The band gap is a range of energies in which no orbitals occur. 


In covalent networks, the band gap is too large for any of the electrons in the valence band to be promoted to the 
conduction band. In metals, the band gap is generally very small, and electrons easily escape the valence band to 

enter the conduction band. In semiconductors such as silicon, however, the band gap is such that when the mate- 
rial is warmed, electrons gain the energy to move from the valence band to the conduction band. 
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A Comparison of the Band Gaps in Metals, Semiconductors, and Insulators 


; = ey 
Conduction € 7 Ss 2 Band gap 5 
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Modifications can be made to the composition of semiconductors in order to increase their conductivity. Doping 
refers to addition of small amounts of impurities, or dopants, which modulate the conductivity of a semiconduc- 
tor. N-type doping is addition of an element that has more valence electrons than the semiconductor, while p-type 
doping is addition of an element that has fewer valence electrons. 


PRACTICE: 


A small amount of gallium is added to arsenic. What type of semiconductor results? 


Arsenic is a semiconducting metalloid. Gallium is the dopant. It has fewer valence electrons than arsenic, so this 
results in a p-type semiconductor. 


Metallic Solids 


Metallic solids are made up of the s block, d block, and some p block elements such as aluminum and lead. They 
are characterized by the electron sea model of metallic bonding, in which a crystal of cations is surrounded by 
loosely held, delocalized (or mobile) electrons. This electron mobility explains the electrical conductivity of 
metals. 


The electron sea model explains the high malleability and ductility of metals. Malleability is the ability to be 
pounded into sheets, and ductility is the ability to be drawn into wires. When the material is pounded or stretched, 
the loose electron cloud allows the metallic nuclei to easily slide past one another. 


The melting points of metals vary widely, ranging from very low to quite high. Mercury, for example, melts at 
-39 °C, while tungsten melts at 3422 °C. 


Alloys are mixtures of metal atoms and other metallic or nonmetallic elements. They are prepared by mixing mol- 
ten elements that produce a homogeneous solid solution when cooled. In general, the disruption of the regular 
crystal lattice of pure metal atoms by atoms of another element makes it more difficult for the layers of nuclei to 
slip past one another. In other words, most alloys are harder, less malleable, and less ductile than pure metals. 


The two major classes of alloys are substitutional and interstitial. Substitutional alloys result when a metal is 
mixed with an element of similar atomic radius. Usually the atomic radii of the atoms in the mixture are within 
15% of one another. 
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Brass, a mixture of copper and zinc, is an example of a substitutional alloy. Copper and zinc atoms are both 
transition metals, and they have similar radii. The densities of substitutional alloys are intermediate between 
those of their constituent elements. Different compositions of brass have densities between 8.4 and 8.7 g-‘mL”™. 
Brass is less dense than pure copper (d = 8.96 g-mL") and more dense than pure zinc (d = 7.13 g-‘mL’). 


Interstitial alloys result when much smaller atoms, usually nonmetals such as carbon, boron, and nitrogen, are 
mixed with a metal with a larger atomic radius. Steel, a mixture of iron and carbon, is an interstitial alloy. 


Substitutional and Interstitial Alloys 


Substitutional Alloy Interstitial Alloy 


Some atoms in the crystal are 
substituted with atoms os similar size. Much smaller atoms occupy the interstices (spaces). 
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PRACTICE: 


Sterling silver is composed of about 93% silver and 7% copper. Is this a substitutional or interstitial 


alloy? 


Since silver and copper atoms are both metals with fairly similar atomic radii, sterling silver is a substitutional 
alloy. 


Molecular Solids 


Molecular solids are composed of discrete covalent molecules. The individual molecules are held together by 
intermolecular forces, so molecular solids are softer and lower-melting than the other three types of solids. They 
may be amorphous, like wax, or crystalline, like ice or solid sucrose (table sugar). Other examples include solid 
CO, (dry ice), I, (iodine crystals), and C,H,O, (aspirin). 


Although most solids tend to be denser than their corresponding liquid phase, solid water (ice) is a rare and notable 
exception. Each oxygen is covalently bound to two hydrogens and experiences hydrogen bonding with two additional 
water molecules. Due to the empty spaces in the crystal structure of ice, solid water is less dense than its liquid phase. 


The Crystal Structure of Ice 


& 3 
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Polymers are sequences of small molecules (monomers) covalently bound in long chains. Polymers are a class of 
very large molecules that do not fit neatly into the network covalent category since discrete polymer molecules 
usually do not span the entire solid. They are held together by weak intermolecular forces, and many have rela- 
tively low melting points. Polymers are better described as molecular solids. 


Polysaccharides are biopolymers, polymers that come from biological sources. They are composed of long chains 
of simple sugar monomers such as glucose. The glucose biopolymer shown here, amylose, is a component of 
starch. Amylose is a solid powder isolated from vegetable matter. It is soluble in water and can be used to detect 
triiodide ions in lab solutions. 


Amylose, a Polymer of Glucose 
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Glucose monomers 


Amylose, a polysaccharide 


Other polymers are can be synthetic, or produced in a lab. Common useful examples are polypropylene, made 
from monomers of propene, and acrylic, made from monomers of methyl methacrylate. These are thermoplastic 
materials, which are tough and rigid solids at low temperatures due to a large number of intermolecular forces. 
These materials become flexible and pliable at high temperatures due to disruption of their intermolecular forces. 
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Synthetic Polymers 
i H H 
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Polymers can be synthesized with a variety of properties to serve many different purposes. Students should be 
familiar with the conventional polymer structure notation (n repeating units, with repeating units enclosed in 
brackets or parentheses). The specific names of these molecules and mechanisms for their formation are beyond 
the scope of the AP Chemistry curriculum. 


Liquids 
In the liquid state, molecules have interactions with their nearest neighbors, but these interactions are dynamic. 
The shape of a liquid substance is not fixed. The volume of a liquid is relatively constant; it is only minimally 


compressible. Particles tend to arrange themselves in such a way as to minimize the surface area of the liquid. 
Liquids form flat surfaces in open containers and spherical droplets when suspended. 


Surface Tension 


Surface tension refers to tendency of a liquid to resist an increase in surface area. A molecule within the liquid 
interacts with surrounding molecules on all sides. These intermolecular forces are called cohesive forces, attrac- 
tions between like molecules. Molecules on the surface, by contrast, only experience cohesive forces with the mol- 
ecules below them in the liquid. This unbalanced attraction of the surface molecules causes them to be constantly 
drawn down into the liquid, resulting in flattening of a liquid surface and formation of spherical droplets. The 
stronger the intermolecular forces between the liquid molecules, the greater the surface tension. 
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Surface Tension 


Molecules on the surface only experience attractive| | Internal molecules experience attraction to 
forces with molecules below in the liquid. neighboring molecules in all directions. 


Surfactants are molecules that accumulate at the surface of a liquid and disrupt the surface tension. Soaps, deter- 
gents, and anti-fogging agents all behave as surfactants. 


Viscosity 


Viscosity is the resistance of a liquid to flow. The stronger the intermolecular forces between the liquid molecules, 
the more viscous they are. Honey, which is a mixture of very polar sugar molecules and water, is more viscous 
than pure water. In addition, long molecules are more likely to become entangled with one another, resulting in 
high viscosity. 


Viscosity of liquids is reduced at higher temperatures. When the temperature is raised, the average kinetic energy 
of the molecules is increased. This leads to greater motion and a greater ability to overcome intermolecular 
forces. 


Capillary Action 

Capillary action refers to the behavior of liquids in narrow tubes. 

When a narrow glass tube is placed in water, capillary action causes the water to rise in the tube. This is due to 
adhesive forces, which are intermolecular forces between the molecules of the water and the surface of the glass. 


Since adhesive forces between water and glass are stronger than cohesive forces between the molecules, the 
meniscus is concave. 


Mercury, by contrast, has a convex meniscus since the cohesive forces between the mercury atoms are stronger 
than the adhesive forces between the mercury and the glass. 
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Capillary Action 


Concave 
meniscus: 
cohesion stronger 
than adhesion 


Convex 

meniscus: 
adhesion stronger 
than cohesion 


Water 


Phase Changes 


Phase changes, including freezing, melting, boiling, condensation, sublimation, and deposition, involve the trans- 
fer of energy to or from a substance. The thermodynamic term, enthalpy, H, is used to describe the energy of a 
system at constant pressure. At constant pressure, enthalpy change, AH, is equal to heat transferred to or from a 
system. The final enthalpy of the system is H, and the initial enthalpy of the system is H.. 


AH = H.-H. 


During melting, vaporization, boiling, and sublimation, intermolecular forces are broken. In order to overcome 
these attractions, energy must be gained by the substance. The final enthalpy of the substance is greater than the 
initial enthalpy, so the change in enthalpy, AH, is greater than zero. These processes are said to be endothermic. 


The reverse is true for freezing, condensation, and deposition. When molecules come together due to intermolec- 
ular attractions, energy is released. The change in enthalpy is less than zero, and the process is exothermic. 


A heating curve is a useful way to represent the temperature change associated with the transfer of energy that 
occurs during phase transitions. The heating curve below shows the variation in temperature as heat energy is 
added to water. 
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Heating Curve for Water at 1 atm 


E — gas 


D — liquid/gas 
100°C) pews rs ee ee eo 


C — liquid 


Temperature 


B — solid/liquid 
0°C p 


Heat added 


As heat is added to solid ice, the closely packed ice molecules begin to vibrate faster and the temperature rises (A). 
When the solid reaches 0 °C, the melting point, the temperature stops rising, even though heat is still being added (B). 
All the added energy at this temperature is used to disrupt the intermolecular forces and convert the solid to liquid. 
Once the solid has been completely melted, the temperature rises again as more heat is added (C). A second and lon- 
ger plateau occurs at the liquid-gas transition temperature (D). Boiling requires more heat than melting because the 
intermolecular forces need to be completely overcome to separate the molecules in space. Finally, once the water is 
converted completely to steam, the temperature of the gas begins to rise again (E). 


The heating curve will be revisited in Big Idea 5 (Chapter 5, “Thermodynamics”). 


Vapor Pressure 


Vaporization, or evaporation, is a phase change from liquid to gas that occurs at the surface of a liquid. Ina 
closed container, liquid begins to evaporate: Molecules at the surface are released into the gas phase. The rate of 
evaporation is greater than the rate of condensation until the temperature-dependent equilibrium vapor pressure 
is reached. Also referred to as simply the vapor pressure, this is the pressure of a gas in equilibrium above its liq- 
uid phase at a given temperature. At the equilibrium vapor pressure, the rate of evaporation and the rate of con- 
densation are equal. The concept of equilibrium is the theme of Big Idea 6 (Chapter 6, “Chemical Equilibrium”). 


Vapor Pressure 
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Initial Equilibrium 


Vapor pressure depends on the strength of the intermolecular forces between the liquid molecules. The stronger 
the intermolecular forces, the more difficult it is for a liquid molecule to escape the attraction of its neighbors and 
transition to the vapor phase. For this reason, water, a hydrogen-bonding molecule, will have a lower vapor 
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pressure at room temperature than ethanol, CH,CH,OH, a molecule of intermediate polarity, or diethyl ether, 
CH,CH,OCH,CH,, a polar molecule that is incapable of hydrogen bonding. Diethyl ether, which experiences the 
weakest intermolecular forces of the three substances, has the highest vapor pressure. 


The Vapor Pressures of Three Substances as Functions of Temperature 
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As temperature increases, the vapor pressure of a liquid increases. This is because at higher temperatures, a higher 
fraction of the molecules have sufficient energy to overcome the intermolecular forces at the surface of the liquid 
to enter the vapor phase. The boiling point is the temperature at which the vapor pressure of the liquid equals the 
external pressure, which is usually the atmospheric pressure. Notice from the curves above that diethyl ether, the 
least polar of the three molecules shown, has the highest vapor pressure at all temperatures. Its boiling point at 
760 torr or 1 atm is the lowest at 35 °C. The boiling point of water at 760 torr is 100 °C. 


Solutions 


A solution is a homogeneous mixture of a major component and one or more minor components. The major 
component is called the solvent and the minor components are called solutes. 


Solutions may be solids, liquids, or gases. An alloy such as bronze, which is composed of 88% copper and 12% 
tin, is an example of a solid solution. Vinegar is an example of a liquid solution. Vinegar is a solution of 5% ace- 
tic acid dissolved in water. The atmosphere at sea level is a gaseous solution of 78% nitrogen, 21% oxygen, and 
smaller amounts of carbon dioxide, neon, and other gases. Bodies of freshwater are solutions of dissolved oxygen 
and other gases. 


Many AP Chemistry questions will deal with aqueous solutions, those in which solutes are dissolved in water. 


Solubility and Intermolecular Forces 


When an element or compound is capable of being dissolved in a particular solvent, it is said to be soluble in that 
solvent. Solubility depends on the strength of attractive interactions between solute and solvent particles. The 
degree of solubility varies with temperature from solute to solute in a particular solvent. 
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In general, molecules with similar intermolecular forces are miscible (capable of being mixed). This is the princi- 
ple behind the phrase “like dissolves like.” Ionic and polar solutes tend to be soluble in polar solvents. Oxalic 
acid, shown below, is soluble in water because it is capable of forming hydrogen bonds with water. 


Nonpolar solutes tend to be soluble in nonpolar solvents. Fats, oils, and other nonpolar compounds, such as the 
major component of beeswax, are insoluble in water but soluble in nonpolar solvents such as hexane, C,H, and 
benzene, C,H,- 


Hydrophilic and Hydrophobic Compounds 


"O ta 
P A E 15: 
>g a Seg p Ss | | 
o C (CH2)14CH3 
P haaa 
O. H3C(H2C)29 0° 
Oxalic acid is water-soluble because The major component of beeswax is incapable of 
the molecules are capable of hydrogen hydrogen bonding. It also contains long hydrocarbon 
bonding with water. This molecule is chains that are nonpolar. These long chains are 
hydrophilic or “water-loving.” hydrophobic or repelled by water. 


Solutes in aqueous solutions can be classified as strong electrolytes, weak electrolytes, or nonelectrolytes. An elec- 
trolyte is a solute that when dissolved in water makes a conductive solution. Electricity is conducted by the 
motion of charged particles. If the solute does not break into ions, it is a nonelectrolyte. 


Strong electrolytes are strong acids, strong bases, and soluble salts. When these compounds are added to water, 
they dissociate completely into ions. An additional intermolecular force, the ion-dipole interaction, is responsible 
for the solvation of the ions by water molecules. As the name suggests, ion-dipole interactions are coulombic 
attractions between cations and the electron-rich regions of polar molecules, and between anions and the 
electron-poor regions of polar molecules. 


Sodium chloride is a soluble ionic compound. When a crystal of NaCl is added to water, the Na* and CI ions dis- 
sociate. They are completely solvated by water. The ability to produce a simplified particulate sketch similar to 
the one shown below is a valuable skill for AP Chemistry students. 


The Solvation of Sodium Chloride by Water 


Molecular compounds that do not dissociate into ions in aqueous solutions are nonelectrolytes. Covalent mole- 
cules like sucrose, which break up into discrete neutral molecules in water but do not dissociate into ions, are 
nonelectrolytes. 
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Weak electrolytes are compounds that undergo incomplete dissociation into ions in aqueous solution. In other 
words, a fraction of the molecules ionize, but the rest do not. Weak electrolytes include weak acids and bases and 
slightly soluble salts. 


Strong electrolytes are highly conductive in aqueous solution. They allow a current to flow through the solution. 
A complete circuit with a power source that passes through a strong electrolyte solution allows a light bulb to 
shine brightly. Weak electrolytes allow only some of the current to flow, so the light bulb shines dimly. 
Nonelectrolytes allow so little current to flow that no light can be detected from the bulb. 


Electrolytes and Nonelectrolytes 


Strong Electrolyte Weak Electrolyte Nonelectrolyte 


Many ions are present to A few ions are present to No ions are present to 
conduct an electric current. conduct an electric current. conduct an electric current. 
The light bulb shines brightly. The light bulb shines dimly. The light bulb does not light up. 
PRACTICE: 


A student would like to classify two unknown solids, A and B, as ionic or covalent. The student adds 
distilled water to a sample of each solid and discovers that A is soluble in water, but B is not. The 


student uses a conductivity meter to determine that the aqueous solution of A is conductive. Finally, 


the student finds that a sample of A is insoluble in hexane, C,H but that a sample of B is soluble. 
What types of bonding are most likely present in compounds A and B? 


Since compound A forms a conductive solution when it dissolves in water and since it is insoluble in the nonpolar 
hydrocarbon solvent, it may either be a water-soluble ionic compound or an acid or base. Compound B’s insolu- 
bility in water alone does not eliminate the possibility that it could be an ionic solid, since not all ionic com- 
pounds are water-soluble. Compound B is soluble in hexane, which is a nonpolar solvent. Since a nonpolar 
solvent is incapable of dissolving ionic compounds, compound B must be covalent rather than ionic. 


Biochemical Implications of Solubility 


The water solubility of many biologically important molecules can have profound effects on biological structures 
and processes. For instance, proteins, which are polymers of amino acids, may have some portions that are hydro- 
phobic and other portions that are hydrophilic. Since cytosol, the fluid portion of a cell, is an aqueous solution, 
proteins will arrange so that the hydrophilic portions are in contact with the solution and the hydrophobic por- 
tions associate with one another. 
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Protein Folding in Aqueous Solution 


Black = hydrophobic amino acids 
White = hydrophilic amino acids 


Colloids 


Although solutions are not necessarily colorless, they do not scatter visible light. Mixtures that contain suspended 
particles on the order of 10° to 10° m across that are dispersed throughout are referred to as colloids. Smoky air, 
milk, fog, gelatin, and whipped cream are all colloids. When a beam of light is passed through a colloid, the beam 
is Scattered in a way that is visually detectable. 


The Scattering of a Beam of Light by a Colloid 


— E 
Light source 


Homogeneous solutions The light beam is scattered 

transmit light with no by the suspended particles 

scattering. in the colloid. This is known 
as the Tyndall effect. 


Thermodynamics of Solution Formation 


Formation of a solution may be exothermic or endothermic. The temperature of a solution increases during an 
exothermic dissolution (AH a < 0), and the temperature of a solution decreases during an endothermic dissolu- 
tion (AH, > 0). 


soln 
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When a solution is formed, three processes contribute to the overall change in enthalpy: 


1. Intermolecular forces or ionic bonds between solute particles are disrupted. 
2. Intermolecular forces between solvent particles are disrupted. 
3. Interactions between solute and solvent particles are formed. 


Disruption of interactions (either ionic bonds or intermolecular forces) requires an input of energy. Formation of 
interactions releases energy. The overall enthalpy change, AH wio for the dissolution process is the sum of the 
enthalpy changes for the three processes. 

AH 


solution 


= AH, + AH,+ AH, 


The Enthalpy of Solution Formation 
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Usually, dilute solutions of ionic compounds are considered. For a dilute solution, the enthalpy change associ- 
ated with interruption of solvent-solvent interactions, AH, can be ignored. 


The enthalpy change associated with disrupting intermolecular forces between solute particles, in the case of an 
ionic solute, is the lattice energy, AH,. Recall that this is the energy required to separate the ionic compound into 
separate gas-phase ions. 


AH, = AH, 


The enthalpy change associated with formation of interactions between solute and solvent particles is the 
enthalpy of hydration, AH 


hydration’ 


AH, = AH 


hydration 


Substituting these values into the equation for the enthalpy of solution gives the following equation. 


AH... = AH, + AH, 


solution hydration 


The thermodynamic favorability of these processes will be discussed in Big Idea 5 (Chapter 5, 
“Thermodynamics’’). 


PRACTICE: 


The lattice energy of CaCl, is 2270 kJ-mol". Given the following data for the enthalpies of hydration of 
gaseous ions, will the temperature of an aqueous solution increase or decrease as CaCl, is dissolved? 


Ta O G 
-1653 
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The lattice energy, 2270 kJ-mol", is the enthalpy change for the dissociation of one mole of CaCl, into its 
constituent ions. 


CaCl,(s) > Ca” (g) + 2 CI(g) 


The overall enthalpy of hydration for a mole of CaCl, is the sum of the AH, values for each mole of ions. 


ydration 


One mole of Ca” and two moles of CI are hydrated for each mole of CaCl, dissolved. 


AH = —1653 kJ-mol” + 2(-338 kJ-mol") = -2329 kJ-mol” 


hydration 


The overall enthalpy change for the dissolution is 


AH 


solution 


= AH, + AH 


hydration 


AH = 2270 kJ-mol™ — 2329 kJ-mol" = —59 kJ-mol" 


solution 


The negative enthalpy change means that this is an exothermic process. The temperature of an aqueous solution 
will increase as CaCl, is dissolved. 


Effect of Temperature on Solubility of Solids 


As the temperature of a solvent increases, the rate of dissolution of solid solutes also increases. For many solids, 
an increase in temperature also increases the solubility, or the amount of solute that is capable of being dissolved 
in a certain volume of solvent. This is because the increased average kinetic energy leads to an increased number 
and strength of collisions between solvent and solute particles. These collisions disrupt intermolecular and elec- 
trostatic attractions between solute particles. 


This is a simplification, however. Some solids become less soluble as the temperature increases. This complication 
is due to the enthalpy change of the dissolution. Exothermic dissolution is favored at lower temperatures and 
endothermic dissolution is favored at higher temperatures. This concept will be reviewed further in the context of 
Big Idea 6 (Chapter 6, “Chemical Equilibrium”) and Le Chatelier’s principle. 


Effects of Temperature and Pressure on Solubility of Gases 


The number of moles of a gas that will dissolve in a liter of liquid solution is directly proportional to the partial 
pressure of the gas in the space above the solution. This is known as Henry’s law. As gas pressure increases, more 
gas particles collide with the surface of the solvent and are incorporated into the solution. 


The Solubility of Gases in Water as a Function of Pressure 


Solubility (mol-L-!) 


Pressure 
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Temperature also has an effect on gas solubility. An increase in temperature leads to a decrease in the solubility 
of gases. As the kinetic energy of a solution increases, more collisions between solvent and solute particles cause 
the gaseous solute to be ejected into the space above the surface of the solvent. Dissolution of gases is exother- 
mic. As we will review in Big Idea 6 (Chapter 6, “Chemical Equilibrium”), it is, therefore, favored at low tempera- 
tures and decreases as the temperature increases. 


Solution Concentration 


There are several ways of expressing the concentration of a solution, but in AP Chemistry, the only ones that are 
needed are mole fraction, X, and molarity, M. Mole fraction was reviewed earlier in the chapter in the context of 
Dalton’s law of partial pressures (page 100). Molarity is the number of moles of solute dissolved in enough sol- 
vent to make exactly one liter of solution. 


Any time a species is shown in brackets, molarity is implied. A 2.0 M solution of OH is indicated by [OH ] = 2.0 M. 


Volumetric flasks, flasks that are calibrated to hold a precise volume at a particular temperature, are used to pre- 
pare solutions of known molarity. In order to make a known concentration of a solution, the solid solute is 
weighed on a balance and placed into a volumetric flask. Solvent is added to the mark on the neck of the flask. 


Volumetric Flask 


Precise volumes of liquid solutes or concentrated solutions are delivered using pipettes. 


Pipettes 
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PRACTICE: 


A student weighs 101.7 g of magnesium chloride hexahydrate in a weigh boat on a balance and then 
pours the salt into a 100.0-mL volumetric flask. The student adds about 50 mL of distilled water, 


swirls the mixture until the solid dissolves completely, and then fills the flask with water to the 100-mL 
mark. What is the molarity of the resulting solution? 


The molar mass of MgCl,-6H,O is 203.32 g:mol”. The number of moles is found by multiplying the mass of the 
salt by the molar mass. 


1 mol O 
= {mol MgCl, ___ 9.5002 mol MgCl, 
2 


101.7 g MgCl,-6H,0 x— X 
203.33 g MgCh6Ħ,O 1 mol <6 H,O 
The molarity is the number of moles divided by the volume. 


0.5002 mol MgCl, 7 1000 mY 


= 5.002 M 
100.0 mE IL 


Sometimes a solution is made by dilution of a more concentrated solution. Dilution is a decrease in concentra- 
tion of a solute by addition of solvent. The dilution equation, which can be used to calculate the final concentra- 
tion of a solution after dilution, is a consequence of the fact that the number of moles of solute does not change. 


M xV =M, xV, 


PRACTICE: 


A 5.00—mL volumetric pipette is used to deliver 12.0 M HCI to a 25.0—mL volumetric flask. Distilled 


water is added to the 25.0-mL mark. What is the resulting concentration of the dilute solution? 


The initial molarity and volume of HCl, M, and V,, are 12.0 M and 5.00 mL, respectively. The final volume of 
dilute HCI solution is 25.0 mL. The final molarity can be determined by rearranging the dilution equation. 


M _Mxí, 
© y, 
M, = (12.0 M)x(5.00 mÉ) DAN 


25.0 mi 


Measuring Concentration Using Spectrophotometry 


Some solutions have color because they absorb certain wavelengths of visible light. (The color of a solution is 
complementary to the wavelength that is absorbed.) Information about the concentration of a colored solute can 
be elucidated from the amount of visible light a solution absorbs. 


A spectrophotometer is an instrument used to determine the absorbance of a solution. It contains a source of 
light that can be separated into discrete wavelengths. A wavelength is selected that corresponds to an electronic 
energy level transition in a molecule under investigation. (The solution to be measured is placed in a cuvette, a 
small vial of known width. The cuvette with the sample is inserted into the spectrometer and the amount of light 
that is transmitted through the sample is detected and used to determine the amount of light that is absorbed. 
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Components of a Spectrophotometer 


Detector 
Wavelength 


White light selector 


source 
Sample 


When the absorbed wavelength is passed through a solution, the amount of light that is absorbed by the sample 
is directly proportional to the concentration of the sample. This relationship, which is known as Beer’s law, is 
provided on the AP Chemistry Equations and Constants sheet (pages 365-366) of the exam. 


A = abc 
In this equation, A is the absorbance, a is the molar absorptivity, b is the path length or the width of the cuvette, 


and c is the concentration. 


PRACTICE: 


The molar absorptivity, a, of [Fe(C,,H,N,),]” at its maximum absorption wavelength is 1.11 x 


10* L-mol"-cm™. What is the molarity of a sample that has an absorbance, A, of 5.55 x 10° ina 
1.0 cm cuvette? 


The concentration can be determined by rearranging the Beer’s law equation. 


5.55x 107 


c = 2). — = 0.050 M 
(1.11x104L- mol” - cart )x(1.0 orf) 

To determine the concentration of an unknown sample, a calibration curve using absorptions of a series of solu- 

tions of known concentration is needed. The absorptions are plotted versus their concentration. The slope of the 

resulting line gives the molar absorptivity for the solute. Once the absorptivity is known, the concentration of the 

unknown can be determined. 
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PRACTICE: 


A student would like to determine the amount of copper in a sample of brass. The student creates 
a calibration curve, shown below, by measuring the absorbances of known concentrations of 
Cu(NO,),. The student then dissolves a 0.212-g sample of brass in a small amount of concentrated 
nitric acid. The resulting Cu” solution is diluted to 25.0 mL. The student makes a second dilution 
in which 2.00 mL of the Cu” solution is diluted to 500. mL. She measures an absorbance of 4.375 
using a 1.0-cm cuvette. What is the percentage of copper in the original sample? 
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Concentration (M) 


In order to find the concentration of the 500.-mL Cu” solution, the student must determine the slope of the con- 
centration versus absorbance graph. The slope, which is equal to the product ab, may be determined by choosing 
any two points on the graph and finding the difference. 


_AA 5.00-1.25 


= — = lL =1.25x10f M7 
Ac 4.0x10°M-1.0x10°M 


ab 


Since ab has been determined, the concentration of Cu” in the final solution may be found using the measured 
absorbance. 


A 4. 
E, 
ab 1.25x10°M 
The measured concentration, M,, was the result of diluting 2.00 mL (V,) of the original 25.0-mL solution to a 
volume of 500. mL (V,). The concentration of the 25.0-mL solution can be found using the dilution equation. 


= M,xV, 3.50x107* M x500. mi 


= 0.0875 M 
V, 2.00 m 


M, 


The concentration of the 25.0-mL solution is next used to determine the number of moles of copper present in 
the original sample. 


| 
050 eo BO ep odie Ga 


1K 
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The number of moles of copper is converted to grams, and this mass is used in the determination of the mass 
percent of the original sample. 


63.55 g Cu 
0.00219 u X ———— = 0.139 g Cu 
ne 1 metCu 


0.139 g Cu 


—— x 100% = 65.6% Cu 
0.212 g sample 


Percent copper = 


Measuring Concentration Using Titration 


Titration is a technique by which an unknown concentration of an analyte is determined by reaction with an 
accurately known amount of a standard, or titrant. The setup usually involves a known volume of the analyte in 
an Erlenmeyer flask. The titrant is added using a buret, a specialized piece of glassware that allows measured vol- 
umes of titrant to be added. The titrant is added until the endpoint of the titration is reached. The endpoint is 
some indication, usually a color change or sharp pH change, that the reaction is complete. 


Titration 


The buret is used to deliver 
a measured volume of a 
standard titrant until 

the endpoint of the 
titration is reached. 


cata 


A> 
‘a 


The analyte reacts with the titrant 
until the endpoint of the titration 
is detected. 


In many cases, an indicator is added to the analyte. An indicator is a substance that changes color at or near the 
equivalence point of the reaction. The equivalence point is the point in which stoichiometric amounts of titrant 
and analyte have reacted. A balanced chemical equation is necessary to determine the stoichiometric ratio of 
titrant to analyte. This concept will be reviewed in Big Idea 3 (Chapter 3, “Chemical Reactions”). 


Phenolphthalein is a common indicator that is used to detect the endpoints of titrations of strong acids with 
strong bases. It changes from colorless in acidic solutions to pink in basic solutions. 
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PRACTICE: 


A 25.0-mL sample of HNO, is titrated with a standardized solution of 0.460 M NaOH. The endpoint 
of the titration is indicated by a phenolphthalein color change when 13.1 mL of NaOH solution have 
been added. What is the molarity of the HNO, solution? The balanced equation for the reaction of 


NaOH with HNO, is shown. 


HNO,(aq) + NaOH(ag) > NaNO,(aq) + H,O(/) 
The balanced chemical equation shows that for each mole of HNO,, one mole of NaOH reacts. 


13.1 mL NaOH x 1 LNaOH ,, 0.460 mol NaOH | 1 mol HNO, 
1000 mL NaOH 1 LNaOH 1 mol NaOH 


= 6.03x 10° mol HNO, 


The concentration of HNO, is determined using the number of moles and the original volume. 


x 


6.03x10°mol HNO, 1000 mi 
25.0 mi IL 


= 0.241 M HNO, 


Separation by Chromatography 


Chromatography refers to a class of laboratory techniques in which the components of a solution are separated 
based on differences in the strengths of their intermolecular interactions with a stationary phase and a mobile 
phase. A stationary phase is a solid such as absorbent paper or silica gel, and the mobile phase is a liquid or gas 
that is passed over the stationary phase. 


Because different components of a solution interact differently with the stationary and mobile phases, the com- 
ponents travel with the mobile phase through the stationary phase at different speeds and can be separated. 


Thin-layer chromatography or paper chromatography is used to separate very small amounts of a mixture. The 
bottom of a thin strip of paper is dotted with the mixture to be analyzed. The paper is the polar stationary phase. 
It is sealed in a jar and dipped in a small amount of solvent. As the solvent, or mobile phase, begins to creep up 
the paper, some components of the mixture interact more strongly with the solvent than with the paper. These 
components move up the paper with the solvent. 


Thin-Layer Chromatography 


Solvent front 


Baseline spot 
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Different components of a mixture will have different retention factors (R,) in a particular solvent system. The R, 
for a compound is calculated by dividing the distance travelled by that compound by the distance travelled by the 
solvent front. 


The Calculation of Ry in Thin-Layer Chromatography 


2.0 cm 
Lee) 
S&S 
O 
5 


Distance travelled by 


compound 


Distance travelled by solvent = 3.0 cm 


PRACTICE: 


A mixture contains a polar component and a nonpolar component. Paper chromatography is 


performed on the mixture in which a relatively nonpolar solvent is used. The R, for component A is 
0.80, and the R, for component B is 0.20. Identify components A and B as polar or nonpolar. 


Since the R, of component A indicates that it travelled further up the paper, it interacts more strongly with the 
nonpolar solvent than with the paper. Therefore, component A is the nonpolar component, and compound B is 
the polar component. 


Separation by Evaporation and Distillation 


A nonvolatile solute can be recovered from a solution by a simple evaporation, in which the volatile solvent is 
allowed to evaporate or is gently boiled away. Sodium chloride can be recovered from a saltwater solution in 
this way. 


If the solvent needs to be recovered, however, or if a solution of two volatile components needs to be separated, 
distillation is a better choice. Distillation is a separation method that is based on differences in vapor pressures 
and boiling points among the components of the solution. 


The mixture is placed in a round-bottom flask equipped with a condenser and a receiving vessel. The mixture in 
the round-bottom flask is heated to the boiling point of the more volatile component. This volatile component 
remains in the vapor phase until it is cooled in the condenser. The vapor then forms liquid droplets on the inner 
surface of the cooled condenser. The liquid, or distillate, drips into the receiving vessel, where it is collected. 
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Distillation 


~<— Thermometer 


<— Water outlet 


Condenser 


Cold water inlet t 
Distillate 


Review Questions 


Multiple Choice 


1. Which of the following polyatomic species has the same molecular geometry as a sulfate anion? 


A. Carbonate 

B. Ammonium 

C. Sulfur trioxide 

D. Xenon tetrafluoride 


2. Which of the following is the most important contributing structure to the thiocyanate resonance hybrid? 
The Pauling electronegativities of carbon, nitrogen, and sulfur are about 2.5, 3.0, and 2.6, respectively. 


' Os ® 2 
A. ` S =C =N B. us CNi 
©.. F ® s 
c 1} S—— CN: D. SS—==C——_N: 
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3. Identify the species that contains two z bonds. 


A. H,C1O 
B. I; 

C. CN 
D. NO? 


4. A sample of gas at constant volume is heated from 230 K to 690 K. Which of the following best describes 
the effect on the gas? 


A. The final pressure is triple the initial pressure, and the average kinetic energy of the molecules is tripled. 

B. The final pressure is triple the initial pressure, and the average kinetic energy of the molecules is constant. 

C. The final pressure is the cube root of the initial pressure, and the average kinetic energy of the 
molecules is tripled. 

D. The final pressure is the cube root of the initial pressure, and the average kinetic energy of the 
molecules is constant. 


5. The Maxwell distribution for two gases at the same temperature is shown below. Which of the following is true? 


Fraction of Molecules 


Molecular Speed 


Gas A has a higher average kinetic energy than gas B. 
Gas B has a higher average kinetic energy than gas A. 
Gas A has a higher molar mass than gas B. 
Gas B has a higher molar mass than gas A. 


SOM > 


6. Which of the following correctly ranks four gases in order of increasingly ideal behavior at constant 
temperature and pressure? 


Ne < N, < CO < NH, 
Ne < CO < N, < NH, 
NH, < N, < CO < Ne 
NH, < CO < N, < Ne 


SO > 
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7. 


10. 


11. 
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The following figure represents a submicroscopic view of a mixture of gases. If the total pressure is 1 atm, 
what is the partial pressure of the gas represented by the white circles? 


A. 2.5atm 
B. 0.40 atm 
C. 1.5 atm 
D. 0.67 atm 


An analytical chemist needs to make a 0.5000 M HCI solution. The chemist has a 12.00 M solution 
available in addition to distilled water, a balance, an Erlenmeyer flask, a variety of graduated pipettes, a 
250.0-mL volumetric flask, and a 250.-mL graduated cylinder. Which of the following procedures would 
result in the correct HCl concentration? 


A. Place the volumetric flask on the balance and add 4.56 grams of the HCI solution. Dilute to the mark 
with distilled water. 

B. Pipette 10.42 mL of the 12.00 M HCl into the Erlenmeyer flask. Use the graduated cylinder to add 
239.6 mL of distilled water. 

C. Place the Erlenmeyer flask on the balance and add 4.56 grams of the HCI solution. Use the 
graduated cylinder to add 245.4 mL of distilled water. 

D. Pipette 10.42 mL of the 12.00 M HCl into a 250.0-mL volumetric flask. Dilute to the mark with 
distilled water. 


A food scientist would like to test the claim by a candy manufacturer that only one dye is used in the 
production of a certain variety of green candy. Which separation technique would be the most appropriate 
method for determining whether more than one pigment is present in a one piece green candy? 


A. gravimetric analysis 

B. Paper chromatography 
C. Evaporation 

D. Distillation 


The ionic radii for four different hypothetical ions are tabulated below. Based on this information, which 
choice correctly predicts the order of increasing melting point for the ionic compounds? 


NX < NY < MX < MY 
MY < MX < NY < NX 
NY < MY < NX < MX 
MX < NX < MY < NY 


Jawe 


Which of the following processes is endothermic? (The system under investigation is shown in italics.) 


Iodine gas undergoes deposition on the outside surface of an ice-filled test tube. 
When sodium hydroxide is dissolved in water, the temperature of the water rises. 
Solid CO,, also known as dry ice, sublimes at room temperature. 

Melted butter solidifies in a refrigerator. 
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12. Match the curves relating vapor pressure to temperature for the following compounds. 


Vapor Pressure 


Temperature 


A = SiH, B= H.S, C = NH, 
A = NH, B = HS, C= SiH, 
A = SIH, B= NH, C=H,S 
A = HS, B = NH, C = SiH, 


Jawe 


Use the following particulate diagrams to answer questions 13—14. 


13. A jeweler uses an alloy of silver and zinc to solder a silver bracelet closed. The alloy is low-melting, and its 
density lies between that of silver and zinc. The solid form of this alloy is best represented by which solid? 


JaN 
Jawe 
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14. Which statement is most likely to describe the solids represented by the particulate diagrams? 


A. Solids A and D are malleable, and solids B and C are brittle. 

B. Solids A and B are malleable, and solids C and D are low-melting. 

C. Solids A and D are electrically conductive, and solids B and C are electrical insulators. 
D. Solids A and B are electrically conductive, and solids C and D are electrical insulators. 


15. Which of the following polymer structures would be expected to have the highest density? 


A. B. 
H F F F 
Ca C—C 
H F F F 
n n 
C. D. 

H F 

O= 0C 

H H 

n 


16. Which of the following statements about semiconductors is correct? 


A. Pure copper is a semiconductor because its bonding is characterized by electron delocalization and a 
small band gap. 

B. The electrical conductivity of silicon increases with temperature because at higher temperatures its 
electrons are energetic enough to surmount the band gap. 

C. The electrical conductivity of silicon is improved by n-type doping with boron atoms. 

D. The electrical conductivity of silicon is reduced by n-type doping with phosphorus atoms. 


17. Which of the following statements is true of graphite? 


A. Graphite is a network covalent material that is conductive in its solid form due to delocalized 
z electrons. 

B. Graphite is a hard network covalent solid because every atom in the network is sp’ hybridized. 

C. The layers of graphite in pencil lead easily slip past one another because they are held together by 
relatively weak hydrogen bonds. 

D. Graphite has an extremely high melting point because it is composed of ionized particles that are 
arranged in a manner that maximizes coulombic attractions and minimizes coulombic repulsions. 
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18. Bonds in molecules are promoted to higher vibrational states due to the absorption of photons in which 
region of the electromagnetic spectrum? 


SOM p 


X-ray 
Ultraviolet 
Visible 
Infrared 


19. Consider the Lewis structures of H,CCN and H,CNH,. Which statement best describes the bonding in 
these two molecules? 


A. 


B. 


The C-N bond in H,CNH, allows free rotation. It is shorter and stronger than the C-N bond in 
H,CCN. 

The C-N bond in H,CNH, hinders free rotation. It is longer and weaker than the C-N bond in 
H,CCN. 

The C-N bond in H,CNH, allows free rotation. It is longer and weaker than the C-N bond in 
H,CCN. 

The C-N bond in H,CNH, hinders free rotation. It is shorter and stronger than the C-N bond in 
H,CCN. 


20. Two 20-mL containers of a carbonated beverage are opened to the atmosphere. One container is placed in 
a 40 °C refrigerator and the other is placed in a warm window. After 8 hours, the refrigerated liquid still 
retains some carbonation. The container in the warm window has very little detectable carbonation. Which 
of the following is the best explanation for these observations? 


A. 


B. 
C. 


D. 


The solubility of dissolved gases increases with increased partial pressure of water vapor above the 
liquid. 

The solubility of dissolved gases increases with increased pressure of the gas above the liquid. 

The solubility of dissolved gases decreases with increasing concentration of nongaseous solutes 
because the solutes change the nature of the intermolecular forces between the solvent and the gas. 
The solubility of dissolved gases decreases with increasing temperature because the increased strength 
and frequency of molecular collisions force the gas molecules out of the solution. 


Long Free Response 


1. A sample of helium, initially at 25 °C and 760. torr, initially occupies a volume of 2.50 L. 


a. 
b. 


How many moles of helium are present? 

If the helium sample is compressed to 1.50 L and the temperature is held constant, what is the change 
in pressure in atm? 

If the volume and temperature remain constant at 1.50 L and 25 °C, what is the resulting partial 
pressure of xenon if 0.050 mole of xenon gas is added to the container? 

Is the final pressure of the real gas mixture expected to be closer to the value predicted by the ideal 
gas law at very high or very low temperatures? Explain your answer. 

A 10.0-mL portion of distilled water is introduced into the container and the container is allowed to 
expand until the total pressure is 0.500 atm. The vapor pressure of water is 23.8 torr at 25 °C. What is 
the mole fraction of the water vapor in the gas mixture? 

The container is punctured with a tiny pinhole. Which of the three gases (helium, xenon, or water) is 
expected to escape the fastest and why? 
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Short Free Response 


2. Hydrochloric acid is a strong acid. It reacts with sodium hydroxide to form sodium chloride and water. 
A researcher is preparing a hydrochloric acid solution and accidentally spills too much water into the 
solution. The researcher would like to determine the new concentration. A standardized solution of 
0.250 M sodium hydroxide is available. 


a. Write the net ionic equation for the neutralization reaction between sodium hydroxide and 
hydrochloric acid. See Big Idea 3 (Chapter 3, “Chemical Reactions”) for more about net ionic 
equations and neutralization reactions. 

b. The researcher finds that 26.1 mL of the sodium hydroxide solution are required to titrate 10.0 mL of 
the hydrochloric acid. What is the molarity of the hydrochloric acid solution? 

c. The final neutralized solution is found to conduct electrical current. Draw and label a particle 
diagram of the final solution that illustrates why this is the case, and discuss why this diagram 
illustrates a conductive solution. 


3. The compounds shown below, methyl cinnamate and cinnamic acid, are solids at room temperature. 
Notice that lone pairs of electrons are not shown in the structures. 


O O 
mo eon | 
C 
Pa ae SS Pe ENG 
HC e C aoe ue OH 
| | i | | 
HC CH HC CH 
bo ae Pe a 
H H 
Methyl cinnamate Cinnamic acid 


a. In the boxes, predict the bond angles and hybridization at the circled C and O atoms. 

b. One of the compounds is insoluble in water. The other is slightly soluble. Explain which compound is 
insoluble and which is soluble based on the principles of intermolecular interactions. 

c. The more volatile compound contributes to the fragrance of strawberries. Which compound has the 
higher vapor pressure and why? 

d. How might IR spectroscopy and mass spectrometry be used to differentiate between the two compounds? 


4. A compound is composed of one atom of chlorine, one atom of oxygen, and one atom of hydrogen. 


a. In the box on the left, draw a complete Lewis structure for the compound in which chlorine is central. 
In the box on the right, draw a complete Lewis structure for the compound in which oxygen is central. 


OCIH CIOH 


b. Which of these two compounds is the more likely structure? Use the two Lewis structures to justify 
your response. 
c. What are the molecular geometry and the bond angle of the stable structure? 
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Answers and Explanations 


Multiple Choice 


1. B. (EK 2.C.4) Sulfate, SOF, has tetrahedral molecular geometry. Ammonium, NH}, is the only other 


2. 


4. 


species in the list that is tetrahedral. Carbonate, CO;, and sulfur trioxide, SO,, are trigonal planar; xenon 
tetrafluoride, XeF,, is square planar. 


A. (EK 2.C.4) Choices B and D can be eliminated based on the large separation of charge within their 
structures. They make very little contribution to the hybrid structure. Choices A and C contribute to the 
hybrid, but choice A is predicted to make a greater contribution since the negative charge is located on the 
more electronegative element. 


C. (EK 2.C.4) The Lewis structures of the species show that only the cyanide ion (choice C) has a triple 
bond, which is composed of a o bond and two n bonds. 


A. B B. C. D. 


H O: 


“o` 
sw | 


I N’ l 
T oz Ə.. „© 
x a cI OaE 


A. (EK 5.A.1, 2.A.2) Average kinetic energy has tripled since the temperature has tripled. The equation 
relating temperature to pressure is 


Tan 
E T, 
sani 
a 


Since T, = 3 x T, the final pressure becomes 


_30.P 


Y 


P, 


C. (EK 2.A.2) Because the two gases have the same temperature, their average kinetic energies are the same. 
Since a larger number of molecules has a higher velocity for gas B, it has a lower molar mass than gas A. 


D. (EK 2.A.2, 2.B.1, 2.B.2) Because NH, participates in hydrogen bonding, it deviates the most from ideal 
behavior. CO is polar, so its deviation is greater than N, and Ne, which are both nonpolar and experience 
only London dispersion forces. N, is a larger molecule than Ne and it has more electrons, so it is more 
polarizable. It also occupies a slightly greater volume, so it deviates more from ideal behavior than Ne. The 
correct order is, therefore, NH, < CO < N, < Ne. 


B. (EK 2.A.2) According to Dalton’s law of partial pressures, the partial pressure is the mole fraction of 
the gas multiplied by the total pressure. There are a total of 20 circles, 8 of which are white. The mole 

OORE EIT 8 2 
fraction is simply 0 or —. 


5 
P 


white 


= Tr isi x X white 


P 


white 


= =x atm = 0.40 atm 


D. (EK 2.A.3) The correct concentration can be achieved with pipettes for measuring 10.42 mL of the 
12.00 M HCI and a volumetric flask for the final dilution. The balance, graduated cylinder, and 
Erlenmeyer flask are inappropriate for achieving an accurate or precise dilution in this situation. 
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10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 
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B. (EK 2.A.3) Separation of the dyes in green candy is most easily achieved via paper chromatography. The 
colored dyes in the mixture can be separated on the basis of the relative strengths of their interactions with 
the stationary and mobile phases. 


C. (EK 2.C.2) Estimation of the increasing melting point should follow a decrease in the distance between 
the two nuclei because the coulombic attraction decreases with increased internuclear distance. The largest 
ions, N* and Y, should form a compound with the lowest melting point, and the smallest ions, M* and X;, 
should form a compound with the highest melting point. The distance between the nuclei in NX is less 
than that in MY, so MYshould have a lower melting point than NX. The correct order, therefore, is 

NY < MY < NX < MX. 


C. (EK 2.A.1, 2.4.3) CO, gains energy in transitioning from the solid to the gas phase. This input of energy 
disrupts the intermolecular forces between the CO, molecules. The change in enthalpy is positive, and the 
process is endothermic. 


A. (EK 2.B.3) SiH, (curve A) is nonpolar and experiences only London dispersion forces. It has the highest 
vapor pressure. HS (curve B) is polar, so its vapor pressure is between that of SiH, and NH,. NH, (curve 
C) has the lowest vapor pressure since it participates in hydrogen bonding, the strongest intermolecular 
force. 


A. (EK 2.D.2) Since both silver and zinc are metals and since neither is a small atom such as hydrogen, 
boron, carbon, or nitrogen, the alloy is substitutional rather than interstitial. Solid A best represents the 
solid form of this alloy. 


D. (EK 2.C.2, 2.C.4, 2.D.2) Solids A and B represent alloys, which are primarily metallic and conductive. 
Solid C represents an insulating molecular solid, and solid D represents an insulating ionic solid. Ionic 
compounds are only conductive in the molten state or in aqueous solutions. 


D. (EK 2.D.4) The polymer with the highest density is the one that has the heaviest elements incorporated 
into the structure. In this case, the polymer with F and Cl substitution, shown in choice D, is the densest. 


B. (EK 2.D.3) As the temperature of a semiconductor increases, its conductivity increases. This is because 
the energy of the electrons in the valence band becomes sufficient to enter the conduction band. 


A. (EK 2.D.3) The extended z system of graphite is responsible for its electrical conductivity. Graphite is a 
network covalent solid composed of sp’ hybridized carbon atoms. 


D. (EK 1.D.3) Infrared spectroscopy is used to determine the types of functional groups present in a 
molecule by measuring the absorption of electromagnetic radiation due to the vibrations of covalent 
bonds. 


C. (EK 2.C.4) The C-N bond in H,CNH, allows free rotation because it is a single bond. The C-N bond in 
H,CCN is a triple bond. Single bonds tend to be longer and weaker than triple bonds. 


H . 
is y | GF 
HL UNS Se 
ZL H H~ | 
H” | 
H H 


Single o bonds 


allow free rotation. 


D. (EK 2.A.1) The solubility of dissolved gases decreases with increasing temperature. As the average 
kinetic energy in a Solution of dissolved gas increases, the gas particles escape the solution and enter the 
vapor phase. 
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Long Free Response 


1. a. 


(EK 2.A.2) The number of moles of helium present can be determined using the ideal gas law. 
Recognizing that 760. torr is equal to 1.00 atm simplifies the task and eliminates the need to convert 
units. 


PV =nRT 


PV 1.00 atm x2.50 K 


n= — = m= 0.102 mol He 
RT (0.08206 K- atf - mol! K* )x(25 + 273 K) 


(EK 2.A.2) The new pressure can be determined using Boyle’s law. 


AY, = 2), 
p = Bi _ 1.00 atm x 2.50 eee 
V, 1.50 K 


The change in pressure is the difference between the final pressure, P, and initial pressure, P.. 
AP = P,- P = 1.67 atm — 1.00 atm = 0.67 atm 


(EK 2.A.2) The total number of moles of gas present after the addition of xenon is 
n = 0.102 mole He + 0.050 mole Xe = 0.152 mole 


total 


The new pressure is 


p ZRT _ 0.152 mol x (0.08206 E atm: mot -K)x (25+ 273 K) 


= 2.48 atm 
V 1.50 K 


The partial pressure of xenon, P}. is equal to the mole fraction of xenon, X,,, multiplied by the total 
pressure. 


fkes = Nye 
Poe = xe Pa =| | Po 


total 
_ (0.050 mol 
Xe (0.152 mol 


\x 2.48 atm = 0.82 atm 


(EK 2.A.2) The final pressure of the gas mixture is expected to be closer to the value determined by 
the ideal gas law at very high temperatures. At high temperatures, the gas particles are moving faster 
and their collisions are energetic enough to overcome the intermolecular attractions that would 
otherwise cause their behavior to deviate from that predicted by the ideal gas law. 

(EK 2.A.2) The vapor pressure of the water is equal to the partial pressure of water vapor in the gas 
mixture. The pressure must be converted to atmospheres first. 


I atm 


23.8 torr x eae 
760 torr 


J 0.0313 atm 


Since the vapor pressure is equal to the partial pressure of water vapor, we can use it to determine the 
mole fraction of the water vapor. 


fao = X 4,0 x Lii 


fho 0.0313 atr 


Aro = ———— = 0.0626 
H,O 
2 Pa 0-500 atm 
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(EK 2.A.2) Of the three gases in the container, helium escapes the fastest. The rate of effusion of a 
molecule is inversely proportional to the square root of its molar mass. 


[T 
rate œ ,|— 
M 


Since the molar mass of helium is the smallest, 4.00 g:mol`” (compared to 18.01 g:mol”`” for H,O and 
131.29 g-mol" for Xe), its rate of diffusion is the highest. 


Short Free Response 


2. a. 
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(EK 1.E.2) The neutralization of HCl with NaOH produces water and NaCl. 
Overall equation: HCl(aq) + NaOH(aqg) > H,O() + NaCl(aq) 


Cancellation of spectator ions in the total ionic equation gives the net ionic equation. See Big Idea 3 
(Chapter 3, “Chemical Reactions”). 


Total ionic equation: H* + Ci +Na*+OH > H,O+ NA + Or 
Net ionic equation: H* + OH —> H,O 


(EK 1.E.2, 2.A.3, 3.A.2) The balanced equation shows that for every mole of NaOH added, one mole 
of HCI reacts. At the endpoint of the titration, the number of moles of NaOH is equal to the number 
of moles of HCl. 


moles of HCI = 26.1 pLNaoHl xl LNaOF_, 0.250 mol NaOH | 1 mol HCI 
1000 mL NaOH 1 LNaOH 1 mol NaOH 
= 0.00653 mol HCI 


The concentration is determined by dividing the number of moles by the volume. 


0.00653 mol HCI , 1000 mLHCl 
10.0 mL-HCl 1L HCI 


(EK 2.A.3) The final solution conducts an electrical current because it contains Na‘ cations and Cl 
anions dissociated in water. An ionic solution is conductive because the charges are free to move 
through the solution. A student’s sketch should look like the particle diagram shown below. The lone 
pairs on the oxygen atoms of H,O are oriented toward the Na’ cations, and the hydrogen atoms are 
oriented toward the CI anions. 


= 0.653 M HCl 
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(EK 2.C.4) The bond angles and hybridizations are shown below. Remember that lone pairs must be 
taken into account when determining the number of regions of electron density. The circled oxygen 
atom has two lone pairs, so it is sp’ hybridized. 


sp? 
109.5° 


O O 
C C G C Ie C 
a es ES 
^ Sc C e Se OH 
| | i ae 
HC CH HC CH 
C C 7 
H H sp* 
120° 
b. (EK 2.B.2, 2.B.3) Cinnamic acid is a slightly water-soluble compound. It has an O-H bond that is 


capable of forming hydrogen bonds with water molecules. Methyl cinnamate is a polar molecule, but 
it is incapable of hydrogen bonding. Methyl cinnamate is water-insoluble. 

(EK 2.B.3) The hydrogen bonding between molecules of cinnamic acid results in a lower vapor 
pressure for cinnamic acid than for methyl cinnamate. Methyl cinnamate experiences dipole-dipole 
attractions that are weaker than hydrogen bonds, so the methyl cinnamate molecules more easily 
overcome the intermolecular attractions and escape into the gas phase. 
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d. (EK 1.D.3) Infrared spectroscopy gives informations about the types of bonds present in molecules. 
The IR spectrum of cinnamic acid would be expected to have an IR absorption due to the O-H peak, 
while the spectrum of methyl cinnamate will lack the O-H absorbance. Methyl cinnamate would have 
an O-CH, single bond absorbance that would not be expected in the spectrum of cinnamic acid. Mass 
spectrometry would indicate a larger molecular mass for methyl cinnamate (162 amu) than for 
cinnamic acid (148 amu). 

4. a. (EK 2.C.4) The correct Lewis structures and their formal charges are shown below. 


"Cl" O. 
oo ® `y a H 


b. (EK 2.C.4) The compound on the right is the more stable structure since it has no formal charges. 
The structure on the left has a greater separation of charge. 

c. (EK 2.C.4) The central atom has AX,E, tetrahedral electronic geometry. The molecular geometry is 
bent with a bond angle that is compressed by the lone pairs on the central atom. The angle is less 
than 109.5°. 
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Chemical Reactions (Big Idea 3) 


Big Idea 3: Chemical reactions involve changes in 
bonding and changes in energy 


During a physical change, intermolecular interactions between atoms or compounds are formed or disrupted. No 
change takes place to the structure or bonding arrangement of individual molecules. By contrast, during a 
chemical change, bonds are broken and formed. This leads to a fundamental change in the identity of the 
participating pure substances. 


A combustion reaction, for example, transforms glucose and oxygen to carbon dioxide and water. When the 
combustion is complete, all of the carbon, oxygen, and hydrogen atoms still exist, but they exist in the form of 
CO, and H,O. No glucose remains. 


A chemical change is accompanied by a change in the energy of the reactants as they are transformed to 
products. When the products of a reaction are lower in energy than the reactants, energy is released and the 
reaction is exothermic. When the products are higher in energy, the reaction is endothermic. 


Evidence for Chemical Change 


It can sometimes be difficult to tell whether a chemical change has occurred, and entire chemical research projects 
are devoted to finding out. 


There are four general clues that strongly suggest that a chemical change has occurred: 


1. Production of heat or light usually indicates an exothermic chemical reaction. When glucose is rapidly 
burned in oxygen, both heat and light are given off. (This evidence is not definitive by itself, though. When a 
current is passed through the tungsten filament of an incandescent light bulb, both heat and light are 
emitted, but no chemical reaction takes place.) 


2. Formation or consumption of a gas, usually observed as a change in pressure or volume, indicates a chemical 
reaction has occurred. Formation of bubbles in a liquid generally indicates a chemical change. (Physical 
changes such as sublimation and vaporization create gases, too, so this evidence should be used cautiously, 
as well.) 

3. Color changes can also be indicators of a chemical change. The acid-base indicator phenolphthalein 
changes from colorless to pink when it undergoes a chemical reaction in the presence of a base. (Again, this 
evidence should be used with care. When yellow dye is added to blue dye, the mixture turns green, but no 
chemical change has occurred.) 

4. Formation of a precipitate, an insoluble solid, can indicate a chemical reaction has occurred. When a 
solution containing Ag” ions is added to a solution containing CI ions, solid AgCl forms and settles to the 
bottom of the container. (Again, however, a solid can form from a homogeneous solution due to physical 
changes, too. Honey, an aqueous sugar solution, crystallizes under certain conditions.) 


PRACTICE: 


Which of the following is likely to be a chemical change? 


(a) When a voltage is applied across a glass tube filled with neon, a bright orange glow is observed. 


(b) When a sample of ammonium dichromate is ignited with a splint, the substance gives off heat, 
light, and gases as it changes from a crystalline orange solid to a green solid. 


(c) When a flavored drink packet is added to water, the water turns red. 
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Only choice b, the decomposition of ammonium dichromate, is a chemical change. Several lines of evidence sug- 
gest this is the case, including color change, production of heat and light, and formation of gases. Lighting a 
neon light (choice a) and dissolving a drink packet in water (choice c) are physical changes. 


Balancing Chemical Equations 


In order to work with chemical reactions, students must be able to write and balance chemical equations. Because 
atoms are conserved in ordinary (non-nuclear) chemical changes, the atoms of each element on the reactant side 
of the equation must equal the atoms on the product side of the equation. This is achieved with coefficients, num- 
bers indicating the number of particles or moles of each species in an equation. 


There are several methods for successfully balancing a chemical equation. The following tips will make the task 
simpler: 


= Balance elements that appear in only one place on each side of the equation first. 
= Balance hydrogen, oxygen, and atoms in their free elemental form last. 
= Balance polyatomic ions, such as NO; and SO/, as units. 


= Make sure that the sum of the charges of the reactants is equal to the sum of the charges of the products. 


Consider the unbalanced equation for the oxidation of aluminum. 


Unbalanced: Al + O, > ALO, 


We can tabulate the number of atoms of each element. When oxygen is present, it is usually easiest to balance it 
last. Since there are two aluminum atoms in the products, a coefficient of 2 will balance the aluminum in the 
reactants. 


Still unbalanced: 2 Al + O, > ALO, 


There are 3 oxygen atoms on the right and 2 on the left. A coefficient of 1.5 will equalize the number of oxygen 
atoms. 


Still unbalanced: 2 Al + 1.5 O, > ALO, 
Finally, each coefficient is multiplied by the factor that will result in the lowest whole-number ratio, 2 in this case. 


Balanced: 4 Al + 3 O, > 2 ALO, 


It is always best to double-check that there are the same number of atoms of each element on both sides of the 
equation. 


PRACTICE: 


Balance the following equation using the lowest whole-number coefficients: C,H,, + O, —> CO, + H,O. 


Carbon should be balanced first. 
C,H, + O, > 4 CO, + H,O 
Hydrogen can be balanced second. 


C,H, + O, > 4 CO, + 5 H,O 
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Because oxygen exists as a free element on the left, it should be balanced last. There are 13 oxygen atoms on the 
right, so the O, on the left must be multiplied by 6.5 in order to balance. 


C,H, + 6.5 O, ~ 4 CO, + 5 H,O 
Multiplication of each coefficient by 2 converts the coefficients to the lowest set of whole numbers. 
2 C,H + 13 O, > 8 CO, + 10 H,O 


Double-check that there are 8 carbon atoms, 20 hydrogen atoms, and 26 oxygen atoms on each side of the 
equation. 


More difficult equations can be balanced systematically, as well. Consider the unbalanced equation for the 
explosive decomposition of nitroglycerin, C,H,N,O,. Fill in the blanks to balance. 


__C,H,N,O, ~ __N,+__H,O + __ CO, + ___O, 
We can begin by balancing carbon. 
1C,H.N,0O, —~ __N,+__H,O+3CO,+__O, 
Next, balance the nitrogen. For now, do not worry about using a fractional coefficient. 
1 C,H.N,O, — LS N, + __H,O +3CO,+__O, 
Now, consider hydrogen. 
1C,H,N,O, > 1.5 N, + 2.5 H,O +3 CO,+__O, 
Deal with oxygen last since it appears in multiple species in the products. Take an inventory of the number of 
oxygen atoms on each side. There are 9 in the reactants. On the product side, there is oxygen in H,O, CO,, and O.. 


Set up an equation to balance the oxygen atoms and solve for the coefficient, n. 


9=(2.5x1)+(3x2)+(nx2) 


9=2.5+6+2n 
0.5=2n 
0.25=n 


1C,H,N,O, > 1.5 N, + 2.5 H,O + 3 CO, + 0.25 O, 
Notice that the coefficients can be converted to smallest whole numbers when multiplied by 4. 
4C,H.N,O, > 6 N, + 10 H,O + 12 CO, + O, 
PRACTICE: 


Balance the equation below using the smallest whole-number coefficients. 


__CH,,N.O, +__0, >__N, +__H,O+__ CO, 
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Again, a systematic method is to begin by balancing carbon, nitrogen, and hydrogen using fractions, if necessary. 
1 CH N.O, + __ O, — 2.5 N, + 8.5 H,O + 5 CO, 
Set up an equation to determine n, the coefficient for O,. 


(1x 2)+(nx2)=(8.5 x1) +(5X 2) 


2+2n=8.5+10 
2n=16.5 
n=8.25 


1 C.H,,N,O, + 8.25 O, > 2.5 N, + 8.5 H,O + 5 CO, 


Multiply each coefficient by 4 to obtain the smallest whole-number ratio. 


4C,H,,N,0, + 33 O, > 10 N, + 34 H,O + 20 CO, 
PRACTICE: 
Practice balancing as many equations as you can find. Some examples include: 


Si+ 8, — SLS, 
As + NaOH —> Na, AsO, + H, 
Mg,N, + H,O — Mg(OH), + NH, 


V-O, + Ca > CaO + Vy 
H,BO, > H,B,O,, + H,O 
Ca,(PO,), + SiO, > P,O,, + CaSiO, 
Fe(C0,), + FeC.O, + CO, 


4 Si + S, > 2 SiS, 

2 As + 6 NaOH — 2 Na, AsO, + 3 H, 
Mg,N, + 6 H,O > 3 Mg(OH), + 2 NH, 
V.O, + 5 Ca > 5 CaO + 2 V 
6 H,BO, > H,B.O,, + 7 H,O 
2 Ca,(PO,), + 6 SiO, > P,O,, + 6 CaSiO, 
Fe,(C,O,), > 2 FeC,O, + 2 CO, 


A balanced chemical equation can be represented symbolically by a particle diagram, which is a picture that rep- 
resents reacting atoms or molecules as circles or spheres. The AP Chemistry curriculum is brimming with refer- 
ences to particulate representations of chemical phenomena, so it is in a student’s best interest to be familiar with 
such drawings and to know how to produce them. 


N, +3 H, > 2 NH, 
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Particulate Representation of a Reaction 


Q Nitrogen 
O Hydrogen 
g 5-9 


o op 


Classification of Chemical Reactions 


Chemical equations can be classified as one or more of six types: synthesis, decomposition, combustion, single 
replacement, double replacement, and acid-base. In addition to fitting into one or more of these categories, some 
reactions may be redox reactions. These will be reviewed in much greater detail in the sections on oxidation- 
reduction reactions and electrochemistry a bit later in this chapter. 


Synthesis Reactions 


A synthesis reaction is one in which reactants combine to form a single product. The reaction between nitrogen 
and hydrogen on page 140 is classified as a synthesis reaction. Many synthesis reactions occur when elements are 
heated with oxygen, and some of these reactions are redox, as will be discussed later in this chapter. 


Examples of synthesis reactions include: 


2 Mg + O, > 2 MgO 
C + O, > CO, 
2 Li + H, > 2 LiH 
Cl, + H, > 2 HCl 


The reactions of metal and nonmetal oxides are important examples of synthesis reactions in AP Chemistry. 
Metal oxides are often called basic anhydrides because they react with water to form hydroxides. Anhydride 
means “without water.” 


Na,O + H,O > 2 NaOH 
CaO + H,O > Ca(OH), 


Nonmetal oxides are called acid anhydrides because they react with water to form acids. 


CLO, + H,O — 2 HCIO, (perchloric acid) 
SO, + H,O > H,SO, (sulfuric acid) 
N,O, + H,O > 2 HNO, (nitric acid) 


Acid anhydrides react with basic anhydrides to form salts. 


LLO + SO, > L1,SO, 
6 Na,O + P,O,, — 4 Na,PO, 
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Decomposition Reactions 


Decomposition reactions can be thought of as the reverse of synthesis reactions. In these reactions, one reactant 
forms two or more products. In many cases, this is due to heating or electrolysis, in which an electrical current is 
passed through a solution. The electrolysis of water is classified as a decomposition reaction: 


2 H,O () 2 H, (g) + O, (g) 
Other examples of decompositions include: 


Cu(OH), — CuO + H,O 

2 Na,O, => 2 Na O + O, 

2 KCIO, > 2 KCI + 3 O, 
(NH,),CO, — 2 NH, + CO, + H,O 


Sometimes unstable products are formed during the course of a reaction that decompose further to produce 
water and gases. Three unstable products to be aware of are carbonic acid, H,CO,, sulfurous acid, H,SO,, and 
ammonium hydroxide, NH,OH. 


H,CO, > H,O + CO, 
H,SO, > H,O + SO, 
NH,OH > H,O + NH, 


These reactions are important to be aware of in acid-base chemistry. For instance, in the reaction between acetic 
acid, H,C,0O,H, and sodium bicarbonate, NaHCO, (vinegar and baking soda), the carbonic acid that is generated 
immediately decomposes to form carbon dioxide and water. 


H,C,0,H + NaHCO, > NaH,C,0, + CO, + H,O 


Combustion Reactions 


Combustion reactions are reactions in which elements or compounds react exothermically with oxygen. Usually 
“combustion” refers to the burning of hydrocarbon and other organic (carbon- and hydrogen-containing) mole- 
cules to yield carbon dioxide and water, but it may also refer to the burning of other combustible materials. A 
spark is required to initiate these processes. 


CH, + 2 O, > CO, +2 H,O 
CH,O + O, > CO, + 2 H,O 
SiH, + 2 O, > SiO, + 2 H,O 
These reactions give off a great deal of energy, and they are used extensively for energy production. Gasoline, 


wood, coal, and natural gas are all examples of combustible fuels. Combustion reactions are also classified as 
redox reactions. 
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Single Replacement Reactions 


Single replacement reactions are redox reactions in which one element in a compound is replaced by another, 
more active element. Whether a single replacement is expected to occur can be determined based on a table of 
measured oxidation-reduction potentials. This will be covered in more depth in the section on electrochemistry 
that begins on page 162. 


A+BC>5AB+C 


Single Replacement Reaction 


oc @> 


Examples of single replacement reactions include: 


Cu + 2 AgNO, > Cu(NO,), + 2 Ag 
Mg + 2 HCl > MgCl, + H, 


In the first reaction, Cu is replacing Ag” in AgNO.. In the second reaction, Mg is replacing H* in HCl. 


Single replacement reactions readily occur between the group I metals and water. (Remember, group IA metals 
have an ns’ valence electron configuration, so they readily ionize to achieve a noble gas configuration.) When a 
group IA metal is added to water, it reacts vigorously to form the metal hydroxide and hydrogen gas. The reaction 
is exothermic, and enough heat can be given off to cause the hydrogen above the surface of the water to ignite. 


Moving down group IA from lithium to cesium, the elements become more reactive with water. (Francium, which 
is below cesium, is very unstable and very rare.) The reactivity can be explained by increasing shielding and 
decreasing ionization energy down the group. 


K + H,O > KOH + H, 


Fluorine is the most active halogen and iodine is the least active halogen. Group VIIA elements closer to the top 
of the periodic table are more likely to gain an electron than those at the bottom. (Group VIIA elements have an 
ns’np' valence electron configuration. They achieve a noble gas configuration by gaining one electron.) Chlorine, 
which is closer to the top of the periodic table and has a greater electron affinity, replaces bromide as the sodium 
salt in a single replacement reaction. 


2 NaBr + Cl, > 2 NaCl + Br, 


Double Replacement Reactions 


Double replacement reactions are reactions in which cationic and anionic portions of two compounds are 
exchanged. 


AB + CD —> AD + CB 


Double Replacement Reaction 


@a)-«)@ 


Double replacement reactions occur under any of the following circumstances: 


= A precipitate is formed. A precipitate is an insoluble solid that forms when two solutions of ions are mixed. 
The reaction between AgNO, and KCl is an example. Alone, each reactant is soluble in water, but when 
they are mixed, the AgCl formed is insoluble. It is a solid that settles at the bottom of the container. 


AgNO,(aq) + KCl(aq) > AgCl(s) + KNO,(aq) 
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= Water, a weak acid, a weak base, or some other weakly-ionizing compound forms. The strong base, NaOH, 
reacts with a strong acid, HCIO,, to produce a salt, NaClO,, and water, which is weakly ionizing. This is 
also classified as an acid-base reaction. An acid-base reaction is one in which an acid reacts with a base to 
form a Solution of salt and water. 


NaOH(aq) + HC1O,(aq) — NaClO,(aqg) + H,O(W/) 


= An intermediate forms that can decompose to a gas. Sulfurous acid, H,SO,, was one of the three com- 
pounds mentioned earlier that decomposes to water and gas. (The other two species were H,CO, and 
NH,OH.) It is a transient (or fleeting) product of the reaction of K,SO, with HCI, a strong acid. As soon as 
the intermediate H,SO, is formed, it decomposes to SO, and water. 


KSO,(aq) + 2 HCl(aq) > 2 KCl(aq) + SO,(g) + H,OW/ 


lonic Solubility Rules 


The solubility of ionic substances varies from compound to compound. Some substances such as AgCl are mini- 
mally soluble in water. Solubility will be explored further in Big Idea 6 (Chapter 6, “Chemical Equilibrium”), but 
for now, it is important to note that ionic compounds that are poorly soluble in water are referred to as “insolu- 
ble,” despite the fact that they may dissociate to a slight extent. 


Other ionic compounds dissociate, or break up into ions, almost completely in an aqueous solution. These are the 
strong electrolytes. A dissociation equation shows the ionic compound breaking up into ions when it is added to water. 


NaCl(s) — Na*(ag) + Cl(aq) 
The AP Chemistry curriculum requires memorization of only a few solubility rules: 


= Sodium salts are soluble in water. Examples include NaF, Na,SO,, and NaCN. 

= Potassium salts are soluble in water. Examples include KCI, K,CO,, and K,PO,,. 

= Ammonium salts are soluble in water. Examples include NH,Cl and NH,CH,CO,. 
Nitrate salts are soluble in water. Examples include AgNO,, Cu(NO,),, and Pb(NQ,),. 


Acids and Bases 


Six strong acids should be memorized. These are HCl, HBr, HI, HCIO,, H,SO,, and HNO,. Other strong, 
oxygen-containing ternary acids (made up of three elements) can be recognized by the fact that they are 
composed of at least two more oxygen atoms than hydrogen atoms. Both HCIO, and HBrO, are strong acids. 
They each have at least two more oxygen atoms than hydrogen atoms. 


Strong bases dissociate completely in water. They are the group IA hydroxides, LIOH, NaOH, KOH, RbOH, and 
CsOH. Two hydroxides from group IIA, Ba(OH), and Sr(OH),, also dissociate completely and are considered to 
be strong bases. 


Strong acids and strong bases dissociate completely into ions in water. Strong acids and bases are strong 
electrolytes. 


A weak acid is any acid that partially ionizes in an aqueous solution. Some weak acids are HF, H,CO,, H,PO,, 
and HNO,, among many others. In addition, all carboxylic acids, which contain the functional group —CO,H, are 
weak acids. 


Bases that are not strong are either weakly-soluble hydroxides or weak bases. Weakly-soluble hydroxides include 
compounds such as Mg(OH), or Al(OH),. Ammonia, NH,, and the amines are common weak bases discussed in 
AP Chemistry. The amines have the general formula NR,, where R is either hydrogen or a hydrocarbon group. 
Examples of amines are CH,NH,, (CH,),NH, and (CH,),N. 


Weak acids and bases and weakly-soluble hydroxides are weak electrolytes. 
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Reactions of Acids and Bases 


Chemists employ several definitions of acids and bases, but the most important one for AP Chemistry is the 
Brensted-Lowry definition. Familiarity with the older Arrhenius acid-base theory facilitates understanding of 
Bronsted-Lowry acids and bases. 


An Arrhenius acid is a species that releases a proton. The word “proton” is synonymous with “hydrogen ion,” or 
“H*.” All of the acids discussed above (HCI, H,SO,, H,CO,, CH,CO,H, etc.) are Arrhenius acids. The ionization 
of an acid in water produces a hydrogen ion, H+, and the anion of the acid. 


HCl(ag) — H” (aq) + CI (aq) 


Arrhenius bases are species that release a hydroxide ion, OH , upon dissociation. Strong soluble bases such as 
NaOH, KOH, and Ba(OH), are Arrhenius bases. The dissociation of basic hydroxide produces hydroxide 
ion, OH. 


NaOH(aq) > Na (aq) + OH (aq) 


A Brensted-Lowry acid is a proton donor, exactly like an Arrhenius acid. The anion that is produced upon the 
release of the proton is the conjugate base of the acid. It is called the conjugate base because it could accept a 
proton under appropriate conditions. In the ionization reaction of HCl in water below, Cl is the conjugate 
base of HCl and H,O* is the conjugate acid of H,O. A conjugate acid/base pair differs by one HË. 


Conjugate Acid/Conjugate Base Relationships 
Conjugate 
Acid base 


HCl(aq) + H,O() H30+(aq) + Cl(aq) 


O | 


Base Conjugate 
acid 


A Brønsted-Lowry base is a proton acceptor. A Brønsted-Lowry base such as ammonia, NH,, reacts with water 
by accepting a proton. The resulting ammonium ion, NH}, is called the conjugate acid of the base, because it 
could donate a proton under appropriate conditions. The conjugate base of water, OH , is produced in the 
reaction. 


Conjugate Acid/Conjugate Base Relationships 


Conjugate 
Base acid 


NH3(aq) + H20(/) NH,*(aq) + OH~(aq) 


[SY 


Acid Conjugate 
base 


Water is behaving as a base in the reaction with HCl and as an acid in the reaction with NH,. Water is an ampho- 
teric species. An amphoteric species can act as both an acid and a base. It is also an amphiprotic species, one that 
can either donate or accept a proton. (Since all amphiprotic species are amphoteric, but not all amphoteric spe- 
cies are amphiprotic, it is best to use “amphoteric” in free-response answers.) 
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PRACTICE: 


Which of the following species are amphoteric? Write two equations for each amphoteric species. One 
equation should show the species reacting with water as a Bronsted-Lowry acid, and the other 
equation should show the species reacting with water as a Bronsted-Lowry base. 


HCO,, SO}, HPO? 


HCO; and HPO% are both amphoteric species. SO? can accept a proton, but it does not have a proton to donate, 
so it is not amphoteric. 


The reactions of HCO; and HPO7, in which the species are behaving as acids, are 
HCO; + H,O > CO; + H,O* 
HPO; + H,O > PO; + H,O* 

The reactions of HCO; and HPO7, in which the species are behaving as bases, are 
HCO; + H,O > H,CO, + OH- 
HPO; + H,O > H,PO; + OH” 


The stronger an acid, the weaker its conjugate base. The stronger a base, the weaker its conjugate acid. HClisa 
very Strong acid, and its conjugate base, CI, is a very weak base. Acetic acid, CH,CO,H, is a weaker acid than 
HCl. Its conjugate base, CH,CO;, is a stronger base than CI. Notice that this refers to relative strength. Acetate 
anion, CH,CO,, is not a strong base. It is merely a stronger base than CI. 


Ammonia, NH,, is a stronger base than acetate, CH,CO;. The conjugate acid of ammonia, NH}, is a weaker acid 
than acetic acid, CH,CO,H, the conjugate acid of acetate. Further review of acid and base strength will be 
covered in Big Idea 6 (Chapter 6, “Chemical Equilibrium”) in the context of K, and K,. 


PRACTICE: 


Determine the weaker acid in each of the following pairs: 


(a) H,O or NH; 
(b) (CH,),NH or (CH,),NH? 


To determine the weaker acid, look for the stronger conjugate base in each pair. 


(a) In this pair, the conjugate bases are OH and NH,. The hydroxide ion is a much stronger base than ammonia, 
a weak base. Water, the conjugate acid of hydroxide, is a weaker acid than NH}, the conjugate acid of ammonia. 


(b) In this pair, the conjugate bases are (CH,),N and (CH,),NH, respectively. The stronger conjugate base is 
(CH,),N . When a weakly basic amine such as (CH,),NH loses a proton, the resulting anionic species is strongly 
basic. The conjugate base of the second species is (CH,),NH. It is a weak base, so its conjugate acid is the 
stronger acid. The first species, (CH,),NH, is the weaker acid. 
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PRACTICE: 


Determine the weaker base in each of the following pairs: 


(a) H,O or HSO, 
(b) Cl or CN" 


To determine the weaker base, look for the stronger conjugate acid in each pair. 


(a) In this pair, the conjugate acids are H,O” and H,SO,. Hydronium, H,O’, is a strong acid, and H,SO, is a weak 
acid. Therefore, water is a weaker base than HSO;. 


(b) In this pair, the conjugate acids are HCl and HCN. HCl is a strong acid and HCN is a weak acid. Therefore, 
chloride, CI’, is a weaker base than CN . 


Net lonic Equations 


Net ionic equations are a very useful way of representing double replacement, single replacement, and acid-base 
reactions in aqueous solutions. They show only the species involved in the reaction. Spectator ions, which are ions 
that do not participate in the reaction, are not shown. 


Consider the double replacement reaction between aqueous potassium iodide and aqueous lead nitrate. 
An insoluble solid precipitate, lead iodide, is formed. 


The overall equation is first written and balanced. State symbols are included here to emphasize the nature of the 
precipitation reaction, but they are not required for credit on the AP Chemistry exam. 


Pb(NO,),(aq) + 2 KI(aq) > PbI,(s) + 2 KNO,(aq) 


Next, any strong electrolytes, which include soluble salts, strong acids, and strong bases, are written as dissociated 
ions in the total ionic equation. Remember that all nitrates and potassium salts are soluble. 


Pb**(aq) + 2 NO;(aq) + 2 K*(aq) + 2 T (aq) > PbL(s) + 2 K*(aq) + 2 NO;(aq) 


Finally, the spectator ions, which appear in both the reactants and the products, are cancelled for the net ionic 
equation. 


Pb” (aq) + 2 NO+{aq) + 2K*taq) +21 (aq) PoI, (s)+ 2 Kaq) + 2 NO+faq) 


Pb” (aq)+2 T (aq) > Pbl, (s) 


PRACTICE: 
Write balanced net ionic equations and classify the following reactions. 


(a) Solid aluminum reacts with aqueous hydrochloric acid to form aqueous aluminum chloride and 
hydrogen gas. 


(b) When aqueous sodium hydroxide is added to an aqueous solution of magnesium sulfate, 
magnesium hydroxide precipitate is formed. 
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(a) The reaction between aluminum and hydrochloric acid is a single replacement reaction. 
Overall equation: 


2 Al(s) + 6 HCl(aq) —> 2 AlCl (aq) + 3 H,(g) 


Total ionic equation: 


2 Al(s) + 6 H*(aq)+ 6CEtaq) > 2 Al” (aq)+ 6 Haq) +3 H,(g) 
Net ionic equation: 
2 Al(s) + 6 H*(aqg) > 2 Al” (aq) + 3 H (8) 
Alternative net ionic equation without state symbols: 
2 Al + 6 H* > 2 Al*+3H, 
(b) The reaction between sodium hydroxide and magnesium sulfate is a double replacement reaction. 
Overall equation: 
MgSO,(aq) + 2 NaOH(aq) — Mg(OH), (s) + Na,SO,(aq) 


Total ionic equation: 


Mg” (aq) + SO#{aq) + 2 Na*+{aq) +2 OH (aq) Mg(OH), (s)+ 2 Na+{aq) + SOFfaq) 


Net ionic equation: 
Mg” (aq) + 2 OH (aq) > Mg(OB),(s) 


Alternative net ionic equation without state symbols: 


Mg” + 2 OH” > Mg(OH), 


Oxidation-Reduction (Redox) Reactions 


Oxidation-reduction reactions, also known as redox reactions, involve the transfer of electron(s) from a species 
that is oxidized to a species that is reduced. An easy mnemonic is “oil rig.” Oxidation is loss of electrons. 
Reduction is gain of electrons. It is important to remember that since electrons are negatively charged, the species 
that is reduced becomes more negative and the species that is oxidized becomes more positive. 


Although the terms “oxidizing agent” and “reducing agent” will no longer be tested on the AP Chemistry exam, 
these phrases are important for anyone working with laboratory chemicals. An oxidizing agent is a chemical that 
is easily reduced, and a reducing agent is easily oxidized. This terminology is included on the material safety data 
sheet (MSDS) for many compounds such as peroxides, permanganates, and nitrates. 


Assigning Oxidation Numbers 


A prerequisite skill for identifying which species in a reaction is oxidized and which is reduced is the ability to 
assign oxidation numbers to each element in a compound. 


The following rules are used for assigning oxidation numbers: 


= A free element such as Fe, H,, or S, has an oxidation number of zero. 


= The oxidation number of a monatomic ion is equal to the charge on that ion. The oxidation number of Na” 
is +1 and the oxidation number of S% is —2. 
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= In compounds, hydrogen generally has an oxidation number of +1 when it is combined with non-metals 
and —1 when it is combined with metals. The oxidation number of hydrogen in HCl is +1 and the oxidation 
number of hydrogen in KH is —1. 


m Oxygen generally has an oxidation number of —2 except in peroxides, in which it has an oxidation number 
of —1. Oxygen has an oxidation number of —2 in H,O, but it has an oxidation number of —1 in H,O.. 


= The sum of the oxidation numbers of the element in a polyatomic ion is equal to the charge of that ion. The 
sum of the oxidation numbers of the atoms in MnO, is -1. 


= The sum of the oxidation numbers of the elements in a neutral compound such as CO, or Fe,O, is zero. 


The species that is reduced in a redox reaction can be identified by its decrease in oxidation number. The species 
that is oxidized has an increase in oxidation number. 


PRACTICE: 


Assign oxidation numbers to each element in the following: 


(a) Na,SO, 


(b) Cr,O> 
(c) KMnO, 


(a) For Na,SO,, each sodium atom has an oxidation number of +1 and each oxygen atom has an oxidation 
number of —2. That leaves the oxidation number of sulfur, which can be assigned the variable x. Since the sum of 
the oxidation numbers is zero, an equation can be written. 
2(+1)+ x+4(-2)=0 
2+x-8=0 
x=6 


The oxidation number of sulfur in Na,SO, is +6. 


(b) For Cr,O,”, oxygen again has an oxidation number of —2. Let x be the oxidation number of chromium. The 
overall charge on the ion is —2, so the sum of the oxidation numbers is —2. 


2x +7(-2)=-2 
2x-14=-2 
24212 

x=6 


The oxidation number of chromium in Cr,O5 is +6. 


(c) For KMnO,, the oxidation number of potassium is +1 and the oxidation number of oxygen is —2. Let x be the 
oxidation number of manganese. Again, the overall charge of the compound is zero. 


I(+1)+x+4(-2)=0 
1+x-8=0 
x=7 


The oxidation number of manganese in KMnO, is +7. 


PRACTICE: 


Determine which element is oxidized and which element is reduced in the following reaction: 


2 Zn +2 HCI > 2 ZnCl + H, 


149 


Chapter 3: Chemical Reactions (Big Idea 3) 


This equation is easiest to deal with in net ionic equation form, since spectator ions are not oxidized or reduced. 


Total ionic equation: 
2Zn+2H'+2€f% > 2Zn*+2€r +H, 
Net ionic equation: 


2Zn+2H*>2 Zn" +H, 


In the reactants, zinc has an oxidation number of zero, and in the products it has an oxidation number of +2. The 
oxidation number has increased. Zinc has lost electrons and has been oxidized. 


In the reactants, hydrogen has an oxidation number of +1, and in the products it has an oxidation number of 
zero. The oxidation number has decreased. Hydrogen has gained electrons and has been reduced. 


Balancing Redox Equations 


Balancing redox equations is most easily accomplished using a systematic technique called the half reaction 
method. Once a reaction has been identified as redox, the overall reaction is divided into two: an oxidation half- 
reaction and a reduction half reaction. 


Often a redox reaction occurs in acidic or basic solution. All balancing is first performed as if the solution were 
acidic. Then, if the solution is basic, the acidic form of the balanced equation is modified to suit the basic 
conditions. 


Steps for balancing redox reactions: 


Write the net ionic form of the unbalanced equation. 

Using oxidation numbers, divide the equation into oxidation and reduction half reactions 
Balance all atoms other than hydrogen and oxygen. 

Balance oxygen by adding one H,O for every missing oxygen. 

Balance hydrogen by adding one H* for every missing hydrogen. 


Ys ae ee 


Balance charge by adding the appropriate number of electrons to the side that has a more positive overall 
charge. 


. Multiply the half reactions by a factor that will equalize the number of electrons. 


on 


Add the half reactions back together. The electrons on both sides must cancel. 


9. If the reaction is in basic solution, add enough OH to both sides of the equation to neutralize all the H*. 
Simplify the number of water molecules. 


10. Check to make sure that the number of each type of atom is equal in the products and the reactants. The 
overall charge must be the same on both sides of the equation. 


Consider the reaction in basic solution between sulfite and chromate. A chromium(III) hydroxide precipitate and 
a sulfate solution are formed. 


1. First, write the unbalanced equation. State symbols are not required for credit and are excluded here for 
clarity. 


SO? + CrO? > SO? + Cr(OH), 
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2. Divide the reaction into oxidation and reduction half reactions. The oxidation number of sulfur increases 
from +4 to +6, and the oxidation number of chromium decreases from +6 to +3. Sulfur is oxidized and 
chromium is reduced. 


oxidation: SO? > SO reduction: CrO7 — Cr(OH), 


3. Balance all atoms other than hydrogen and oxygen. In this case, sulfur and chromium are balanced, so no 
coefficients are needed. 


SO; > SO} CrO7; — Cr(OH), 
4. Balance oxygen by adding H,O. 
SO; + H,O > SO,” CrO; > Cr(OH), + H,O 
5. Balance hydrogen by adding H*. 
SO; + H,O > SO; + 2 H* CrO7; + 5 H* > Cr(OH), + H,O 
6. Balance charge by adding electrons. 
SO; + H,O > SO} +2H*+2e€ CrO% + 5 H* +3 e— Cr(OH), + H,O 
7. Multiply the half reactions by a factor that will equalize the number of electrons. 
3[SO; + H,O > SO; +2 H*+2e] 2[CrO} + 5 H* +3 e — Cr(OH), + H,O] 
3 SOF + 3 H,O > 3 SO} +6 H*+6 e 2 CrO; + 10 H* + 6 e + 2 Cr(OH), + 2 H,O 


8. Add the half reactions back together. The electrons on both sides must cancel. The resulting equation is 
balanced in acidic solution. 


3 SOF +3’ H,O +2 CrO? + 10" H*+ 6e > 3307 + 6H* + 66 +2 Cr(OH), + 240 
3 SO? +H,O +2 CrO7; +4 H* > 3 SOF +2 Cr(OH), 
9. If the reaction is in basic solution, add enough OH to both sides of the equation to neutralize all of the 
H*. Simplify the number of water molecules. 


3 SO; +H,O+2 CrO7; +4 H*+4OH —> 3 SOF +2 Cr(OH), +4 OH- 
3 SOF +H,O+2 CrOĵ +4 H,O —> 3SO7 +2 Cr(OH), +4 OH- 
3 SOF +2 CrO7, +5 H,O —> 3 SOF +2 Cr(OH), +4 OH™ 


10. Always double-check to ensure that the number of each type of atom is equal in the products and the 
reactants. The overall charge must be the same on both sides of the equation. 


Reaction Stoichiometry 


Reaction stoichiometry refers to the relationship between the quantities of reactants and products in chemical 
reactions. 


Dimensional analysis, as we have seen, is the use of unit factors to convert a quantity with certain units to an 
equal quantity with different units. It is used extensively in stoichiometric calculations. An additional source of 
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conversion factors is used in reaction stoichiometry: the balanced chemical equation. Consider the coefficients in 
the balanced equation for the decomposition of potassium chlorate upon heating. 


2 KCIO,(s) > 2 KCl(s) + 3 0,(g) 


The coefficients have multiple meanings. They are a molecular ratio. Two molecules of KCIO, decompose to pro- 
duce two molecules of KCl and three molecules of O,. They are also a mole ratio. Two moles of KCIO, decom- 
pose to produce two moles of KCl and three moles of O,. The following is an incomplete list of the equalities that 
can be obtained from this balanced equation: 


2 molecules KCIO, reacted = 2 molecules KCI formed 
2 molecules KCl formed = 3 molecules O, formed 


2 moles KCIO, reacted = 3 moles of O, formed 


The number of moles of O, formed when 8.75 moles of KCIO, decompose according to the equation above can 
be determined using the relationship between the number of moles of KCIO, and the number of moles of O, in 
the balanced equation. 


8.75 mo 5g = 2 ON 245 lO, 
2 mo 3 


In real situations, moles cannot be measured directly. Mass and volume are quantities that can be measured. They 
must be converted to moles using molar masses, concentrations, densities, or gas law relationships. The stoichi- 
ometry roadmap below summarizes the relationships between moles, masses, volumes, and particles of generic 
substances A and B that participate in a chemical reaction. 


Stoichiometry Roadmap 


Volume of | Density Density | Volume of 


Ey mass Molar mass 
FE A of B 


Eea of ) PV/RT PVIRT | of 


Balanced 


| A Moles of A Chemical Moles of B heal B 
Equation 
EA 
“/ K ‘ 
A 6.022 x 102 6.022 x 10% Ne 
Volume of Volume of 
Solution A Solution B 
Particles of A Particles of B 
PRACTICE: 


How many liters of O, are produced at 27 °C and 0.975 atm when 12.0 grams of KCIO, decompose, 
according to the equation below? 


2 KCIO,(s) > 2 KCI(s) + 3 0,(g) 


Begin by converting the mass of KCIO, to moles using the molar mass. The number of moles of KCIO, is related 
to the number of moles of O, by the stoichiometric coefficients in the balanced equation. 
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1 mo 3 3 mol O, 
12.3 Srnak G OPO 
gKGO, x 3555 122.55 gKEIO, 2m i 
The number of moles of O, can then be converted to liters using the rearranged ideal gas law. 


nRT _ (0.151 snot )(0.08206 L- at - mot - (27+ 273K) 


V = = 
P 0.975 atm 


=3.80 L 


PRACTICE: 


What mass of CO, results from the combustion of 5.0 mL of pure benzene, C,H, with excess oxygen 


(enough oxygen for complete combustion)? The density of benzene is 0.877 gimL”. 


It is first necessary to balance the combustion equation. 


2 C,H, + 150, > 12 CO, +6 H,O 


The volume of benzene must be converted to moles, and then the moles of benzene can be used to find the num- 
ber of moles of CO,. The moles of CO, are multiplied by the molar mass of CO, to give the mass produced in the 
reaction. 


0.877 gets 1 mole Hy 12 mol€O, 44.01 gCO, 
oh eee “| mLGH, 18.12 gC; 2 mola, “Tmo; a 


Redox Titrations 


As reviewed in Big Idea 2 (Chapter 2, “Bonding and Intermolecular Forces”), titration is a technique for the 
determination of an unknown concentration of an analyte by reaction with an accurately known amount of a 
standard, or titrant. A redox titration is a titration that relies on a redox reaction between the analyte and the 
standard. 


Hydrogen peroxide, H,O,, is an active ingredient in consumer bottles of antiseptic solution. It decomposes over 
time due to exposure to light, heat, and trace amounts of transition metals. 


Redox titration of H,O, with permanganate, MnO, , is a method for determining the concentration of hydrogen 
peroxide in a solution. The oxygen atoms in hydrogen peroxide are oxidized from a —1 oxidation state to an oxi- 
dation state of zero. The manganese atoms in the permanganate ions are reduced from a purple +7 oxidation 
state to a colorless +2 oxidation state. The permanganate serves as both a titrant and as an indicator. 


H,O, > 0, +2 H +2 e (oxidation) 
MnO}; + 8H*+5e —Mn”+4H,O (reduction) 


In order to balance the overall equation, the hydrogen peroxide oxidation must be multiplied by a factor of 5 and 
the permanganate reduction must be multiplied by a factor of 2 before the reactions can be added. 


5(H,O, > O, +2 H*+2e) 2(MnO; + 8 H* + 5 e > Mn” + 4 H,O) 


5 H,O, > 5 O, + 10 H* + 10 e 2 MnO; + 16 H* + 10 e — 2 Mn” + 8 H,O 
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Add the half reactions back together. The electrons on both sides must cancel. 


5 H,O, +2 MnO, + 16° H* + J0@ 350,+ 1OH* + JOe +2 Mn+ 8H,O 


5H,O,+2 MnO, + 6H*>50,+2Mn*+ 8H,O 


The balanced equation shows that for every five moles of hydrogen peroxide present, two moles of permanganate 
react. 


In the titration, an exact volume of hydrogen peroxide solution is diluted with a small volume of water. The 
volume of water added does not affect the result. The hydrogen peroxide solution is acidified with a small amount 
of sulfuric acid. A precisely known concentration of potassium permanganate solution is then added drop-wise to 
the hydrogen peroxide via a buret. The endpoint of the titration is reached when the hydrogen peroxide solution 
turns light pink and remains pink. At this point, no peroxide is left to react with additional Mn”’, so the pink 
color lingers. 


PRACTICE: 


Titration of a dilute, acidified, 2.00-mL-aliquot of a commercial hydrogen peroxide solution requires 
13.4 mL of 0.050 M KMnO,,. Assume the commercial solution has a density of 1.00 gmL”. 


(a) What is the molarity of the H,O, solution? 


(b) What is the mass percent of the H,O, solution? 


The volume of titrant required is used to determine the number of moles of H,O, in the aliquot. 


1 LKMnO, _ 0.050 mo 4. 5 mol H,O, 
13.4 mL f x —= x ————— = 0.0017 mol H,O, 
” T000 mL ; 1 L KMO, 2 mol KMn0, 
(0.001675) 


(a) The molarity is determined by dividing the moles of H,O, by the volume of the commercial sample used. (If 
we had been asked to report the number of moles of peroxide, we would report only two significant figures. The 
value is used before rounding in the following calculation, however.) 


ee 
Molarity of H,O, = SU IEE UE ES a aes = 0.84 M H,O, 


~ 2.00 mL, 1LH,0, 


(b) The mass percent is the percentage of the total mass of the solution that is H,O,. 


34.02 g H,O, 


mass of H,O, = 0.001675 mol H,O, x 
1 mol H,O, 


= 0.057 g H,O, 
(0.05698) 


Since the density of the solution is assumed to be 1.00 g-mL", the mass of the solution is 2.00 grams. Again, the 
answer is limited to two significant figures by the molarity of KMnO,, but in order to avoid propagation of error, 
the entire calculated mass of H,O, is used in the calculation of mass percent. 


H . H 
percent by mass H,O, = me x 100% = 0.05698 g 20> 
mass solution 2.00 g solution 


x 100% = 2.8% 
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Gas Stoichiometry 


A convenient shortcut is to remember that the volume of a gas at a particular temperature and pressure is pro- 
portional to the number of moles. With this in mind, gas-phase reaction stoichiometry can be simplified by using 
volumes in place of moles whenever the gases under investigation are at the same temperature and pressure. 


When hydrogen and oxygen gases are ignited, they form water. 
2 H,(g) + O,(g) > 2 H,O(g) 
How many liters of oxygen at STP must be available to completely react with 3.0 liters of hydrogen at STP? 


The balanced equation shows that 2.0 liters of hydrogen react with exactly 1.0 liter of oxygen at a given tempera- 
ture and pressure. 


1LO, 


3.0 LH, x5 Ae 151°: 


PRACTICE: 


Acetylene gas, C,H,, undergoes combustion in oxygen to form carbon dioxide and water. How many 


liters of oxygen must be present at STP to react completely with 4.0 liters of acetylene? 


The first step in solving this problem is to write and balance the equation for the combustion of acetylene. 


2 C-H (8) + 5 O,(g) > 4 CO,(g) + 2 H,0(8) 


Next, the coefficients in the balanced equation are used as a volume ratio to determine the stoichiometric amount 
of oxygen needed. 


»LO, 


4.0 LCH, x= =10. L O, 
2 LCH, 


Heat of Reaction 


Reaction stoichiometry is used in calculations of thermal energy gained or lost by a reacting system. When a 
reaction has a known enthalpy change per mole of product formed, the associated change in enthalpy for a speci- 
fied amount of reactant consumed or product formed can be determined. Consider AH for the exothermic 
reaction of gaseous hydrogen and oxygen again. 


H,(g) + 0:8) > H,0() 


AH = -242 kJ- mol” 


Here, the stoichiometric coefficients refer to the number of moles of reactants consumed and products formed to 
produce the reported enthalpy change. The “mol” refers to a “mole of this reaction as it is written.” An enthalpy 
change of —242 kJ is a consequence of the reaction of one mole of H,(g). One-half of a mole of O,(g) is con- 
sumed for every 242 kJ released. Because everything is read in terms of moles, the use of fractional coefficients is 
allowed when balancing the chemical equation. Notice that the negative change in enthalpy indicates a release of 
heat to the surroundings. This is detected as an increase in the temperature of the surroundings. 
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The enthalpy change, AH, can be used as a ratio in dimensional analysis. 


heat transferred (kJ) 


AH = ——— l 
moles of reaction (mol) 


If a 10.0-L balloon holds pure hydrogen at STP, how much energy will be released if the hydrogen reacts with 
excess oxygen? 


The first step is to calculate the number of moles of H, present using the standard molar volume. Next, the num- 
ber of moles of hydrogen is multiplied by the change in enthalpy. One mole of H, reacts per mole of reaction and 
242 kJ are released per one mole reaction. 


1 mo, ERE a 


PRACTICE: 


A 46-gram sample of solid sodium reacts with excess oxygen to form sodium oxide. How much energy 
is released or absorbed in this process? 


4 Na(s) + O,(g) > 2 Na,O(s) 
AH = -832 kJ-mol” 


The negative value of AH indicates that energy is released in this reaction. Four moles of sodium are consumed 
and 832 kJ of heat are released per mole of reaction. The number of grams of sodium are first converted to 
moles; then the number of moles of sodium is converted to moles of reaction. Finally, the number of moles of 
reaction are multiplied by the value of AH: 


46.0 gNa x =~. LAN y L gaa =-416kJ 

22.99 gna 4 4 motNa 1 motrxn 
Some chemical reactions are endothermic. When thionyl chloride, SOCL,, is added to cobalt chloride hexahydrate, 
the resulting chemical reaction causes the temperature of the solution to decrease. The thermometer, which is 
part of the surroundings, loses heat to the system. 


CoCl, - 6H,O + 6 SOCI, + energy —> CoCl, + 12 HCl + 6 SO, 


Endothermic and exothermic reactions are often depicted in potential energy diagrams. Energy is plotted on the 
vertical axis, and reaction coordinate is shown on the horizontal axis. Reaction coordinate can be interpreted as 
progress of a reaction or as time, usually with reactants on the left and products on the right. For endothermic 
reactions, the energy of the products is higher than the energy of the reactants. Energy is absorbed during the 
progress of the reaction. The opposite is true for an exothermic reaction. Energy of the reactants is greater than 
the energy of the products. Energy is lost during the course of the reaction. 
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Potential Energy Diagrams for Endothermic and Exothermic Reaction 


Endothermic Exothermic 


Products 


Energy 
Energy 


Reactants t AH >Q 
Products 


Reactants 


Reaction Coordinate Reaction Coordinate 


Limiting Reagent 
The limiting reagent (or limiting reactant) is the substance that runs out first in a chemical reaction. It determines 
the maximum amount of product that can be produced, or theoretical yield, of a reaction. 


To find the limiting reagent in a chemical reaction, the theoretical yield of one of the products is calculated using 
the amounts of each reactant given. Any reactant that is “in excess” is not the limiting reagent. Whenever a ques- 
tion provides the amounts of two or more starting materials, the procedure for determining limiting reagent and theo- 


retical yield must be followed. 


Steps for determining limiting reagent and theoretical yield: 


1. Write the balanced chemical equation. 
2. Choose one of the products. Use reaction stoichiometry to convert the amount of one of the reactants to 


moles of the chosen product. 
3. Repeat step 2 with each reactant in turn. Always convert to moles of the same product. 


4. The smallest number of moles of the chosen product is the theoretical yield of that product. 
5. The reactant that gave the theoretical yield is the limiting reagent. 


Suppose a question asks for identification of the limiting reagent and the theoretical yield in grams of P,O,, in 
the reaction between 12.3 grams of KCIO, and 12.3 grams of P,. We can use this example to illustrate the steps 


for determining limiting reagent and theoretical yield. 


1. The first step is to write the balanced equation. 
3 P, + 10 KCIO, > 3 P,O,, + 10 KCl 


2. The second step is to convert each reactant to moles of product. Although either product will work in this 
step, the theoretical yield of P,O,, is required. It is best to choose this product in order to minimize the 
effort. Notice that although the numbers of moles of P,O,, can only be reported with three significant 
figures, it is better to use the unrounded value in subsequent calculations. 


1 mo 3 3 mol P,O,, 


12.3 g KOO, x55 KEIO, T0 mol KEIO; 


= 0.0301 mol P,O,, 


(0.030110) 
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3. The amount of P, is also converted to number of moles of product. 


| molP IP 
12.3 gP x — < x 2 mo! L Oii _ 9.0993 mol PO 
123.88 gP; 3 mol? 


(0.0992896) 


4. The theoretical yield of P,O,, is 0.0301 mole. Since the question asked for the theoretical yield in grams, a 
simple conversion is required. 


283.88 g P.O 


1 mol PO, 


5. The limiting reagent is KCIO, since it is associated with the smaller theoretical yield. 


0.030110 m =8.55 g PO, 


PRACTICE: 


100. mL of 0.600 M BaCl, is mixed with 100. mL of 0.250 M K,AsO,,. A precipitation reaction occurs, 


and the solid Ba,(AsO,), that forms is filtered, dried completely, and weighed. What mass of 
precipitate is formed? The molar mass of Ba,(AsO,), is 689.82 g-mol”. 


The first step is to write the balanced equation. 
3 BaCl, + 2 K,AsO, > Ba,(AsO,), + 6 KCl 


Next, each reagent is converted to moles of Ba,(AsO,).. 


100. Ee _ acta ea , Limol Ba,(A804)> _ 9 9200 mol Ba.(AsO,) 
> * T000 m 1000 mL Bact, © 1 LBaeh 3 mol BaCly ates 
0.250 mo 
100. mL mt ee Beh ce POLE ASO 2) 5 ol BA OA 


SO 
79-4 TO mL ; 1 L KASO, 2 mol KASO, 


Since the smaller number of moles of Ba,(AsO,), is produced by complete reaction of the K,AsO,, the theoretical 
yield of Ba,(AsO,), is 0.0125 mole. The limiting reagent is K,AsO,. 


To determine the mass of precipitate formed, the number of moles is converted to grams using the molar mass. 


0.0125 mol Dex 
1 mol 4s 


= 8.62 g Ba,(AsO,), 


Often students are asked to determine the amount of the excess reactant that is left over. In this case, the theoreti- 
cal yield of product is used to determine the number of moles of excess reagent that is consumed in the reaction. 
The number of moles that reacted is subtracted from the number of moles of excess reagent that were present at 
the start of the reaction. The difference is the amount that is left over. 


PRACTICE: 


In the preceding question, which reactant is in excess and what is the molarity of this reactant when 


the reaction is complete? 


Since K AsO, is the limiting reagent, BaCl, is in excess. In order to find the molarity of this reactant at the end of 
the reaction, we need to know how many moles are left over and the volume of the combined solution. 
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The amount of BaCl, left over is equal to the difference between the initial amount and the amount that was 
consumed. 


l BaCl 
Initial moles of BaCl, = 100. i ee re A aL E 0.0600 mol BaCl, 


“1000 mL BaCT, ~ 1 LB€G 


The amount of BaCl, that was consumed can be determined from the number of moles of product that were 
produced. 


Moles of BaCl, reacted = 0.0125 mol a a oB 0s ol Bae 
l mol Ba or 


Moles of BaCl, left over = 0.0600 mol — 0.0375 mol = 0.0225 mol BaCl, 


The final concentration of BaCl, is the number of moles divided by the total volume, 200. mL of combined 
solution. 


0.0225 mol BaCl, 1000 mi 


x = (0.113 M BaCl 
200. mi IL i 


Percent Yield 


Percent yield is a measure of the efficiency of a reaction. It indicates how much of the desired product of a 
reaction was obtained compared to how much was expected. Often, less product is obtained than anticipated. 
This can be due to incomplete reaction, competing side reactions, impure starting materials, or difficult 
purification of products. A yield greater than 100% is not possible. 


Actual yield of product 


MMs x 100% 
Theoretical yield of product 


Percent yield = 


As long as the units of actual yield and theoretical yield are the same, either grams or moles may be used. 


When 56.1 grams of 1-butene, C,H,, are allowed to react with 240. grams of bromine, Br,, the reaction yields 200. 
grams of product, C,H,Br,. In order to determine the percent yield, we must first find the theoretical yield. Since 
the amounts of both starting materials are given, we must treat this as a limiting reagent problem. 


C,H, + Br, > C,H,Br, 


1 moles, ,, Lmol C,H,Br. 
56.1 ——_++— = 1.00 mol C,H, Br 
56 1 56.12 gC, 1 moe, : 
1 mol Br, = mol C,H,Br 
240.0 se Bt, x < x —___* 
159.8 eB 1 mole 
Since fewer moles of product are expected to form based on the initial amount of 1-butene, the theoretical yield 


of C,H,Br, is 1.00 mole. The actual yield, 200.0 grams of C,H,Br,, must be divided by the theoretical yield of 
C,H,Br, in grams. 


= 1.50 mol C,H,Br, 


215.92 g C,H,Br, 


Theoretical yield = 1.00 mol C7H;Br, x 
1 mol C,H;Br, 


0. 
E E ny oy 
216 216 g CHB, 


= 216 g C,H,Br, 


Percent yield = 
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PRACTICE: 


The reaction below can be used to produce hydrazine, N,H,. A group of chemists would like to 
prepare 10.0 kg of hydrazine. If the expected yield of hydrazine is 70.0%, how many moles of 


chloramine, NH,Cl, must the chemists use? 


NH,Cl + NH, + NaOH > N,H, + H,O + NaOH 


The solution to this problem begins with the desired mass of hydrazine. The actual yield of N,H, must be 10.0 kg. 
The percent yield equation can be rearranged to calculate the theoretical yield that must be planned. 


Actual yield 100% = (10.0 kg N,H,) 


x 100% = 14.3 kg N.H, 
Percent yield 70.0% 


Theoretical yield = 


The theoretical yield is used to calculate the number of moles of chloramine that must be used. 


one 1000 gN, 1 mol NGF, | mol NHC 51.48 g NEGCI 
ke Nal, XT ENA, “32.06 gt | mol NA, 1 mol HEC 


RENC 2579 NCI 


* T000 1000 g NEGCT 


Atom Economy 


Green chemistry refers to the movement toward sustainability in chemical processes and products. Green chemis- 
try focuses on safety and renewability in addition to minimization of waste, byproducts, and energy usage. 


Atom economy is a measure of how efficient a process is from a waste minimization standpoint. It is different 
from percent yield because it takes the total mass of the atoms used, not just the theoretical yield, into account. 
In a reaction with 100% atom economy, every atom of the reactants theoretically ends up incorporated into the 
products. 


Mass of wanted products 


Percent atom economy = x 100% 


Total mass of products 


For simplicity, masses in the above equation are usually calculated based on the number of moles in the balanced 
chemical equation. For example, in the bromination of 1-butene, discussed above, the only product formed is the 
desired product, C,H,Br,. The total mass of product is equal to the total mass of wanted product, so the percent 
atom economy is 100%. 


Consider the reaction between 2-bromo-2-methylpropane, C,H,Br, and sodium ethoxide, C,H,ONa. The desired 
product is isobutene, C,H,. The undesired byproducts are ethanol, C,H,OH, and sodium bromide, NaBr. 


In order to perform an atom economy calculation, assume that the number of moles of desired product is equal 
to the stoichiometric coefficient. This simplifies the calculation, because the molar mass of that product in grams 
is formed. The total mass of all products is the sum of the molar masses of products multiplied by their stoichio- 
metric coefficients. 


C,H,Br + C,H,ONa > C,H, + C,H,OH + NaBr 
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Molar Mass Stoichiometric Theoretical Mass of 
ar CE M mol") T Product Formed nn 


= sio o 0 wii o 


The percent atom economy is 


56.11 
205.07 


x 100% = 27.36% 


Percent atom economy = 


From an atom economy standpoint, this is a relatively inefficient reaction that generates a lot of waste. 
PRACTICE: 


Phosphorus tribromide, PBr,, is used to convert butanol, C,H,OH, to bromobutane, C,H,Br. The 
byproduct of this reaction is phosphorous acid, H,PO,. A chemistry student sets up a reaction in 
which 200. grams of C,H,OH are treated with 271 grams of PBr,. The student isolates 300. grams of 


C,H,Br. What are the percent yield and percent atom economy for this reaction? 


3 C,H,OH + PBr, > 3 C,H,Br + H,PO, 


The theoretical yield must be calculated by determining the limiting reagent. 


1 mo 9 3 mol C,H,Br 
200. anil oor Gal mol C,H,Br 
SCHGOH x Ta 114 CHOR” 3 m ax 
271 EES ge pO a 3.00 mol C,H,Br 


S X 270.67 gPBK 1 molPBR 


The limiting reagent is C,H,OH, and the theoretical yield of C,H,Br is 2.70 moles. The theoretical yield is con- 
verted to grams and used to determine the percent yield. 


2.70 mo x 3103 $C Rr _ 370. 9 C,H,Br 
1 mol C;HBr 
; H,B 
Percent yield = 300. g C,H,Br x100% = 81.1% 


370. g C,H,Br 


Percent atom economy is determined using the masses of both products. 


Molar Mass Stoichiometric Theoretical Mass of 
oT a _ te. mol") —— Product Formed m 


GHBr sd | B7B 03 © Ao 


411.09 


x 100% = 83.4% 


Percent atom economy = 
493.09 
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Electrochemistry 


Electrochemistry is the study of the electron movement and energetics of redox processes. 


There are two kinds of redox processes: those that are thermodynamically favorable and those that are thermody- 
namically unfavorable. For now, it is sufficient to know that a thermodynamically favorable process will happen 
without any continuous input of energy. A thermodynamically unfavorable process will not happen without an 
external source of energy. The idea of thermodynamic favorability will be further developed in Big Idea 5 
(Chapter 5, “Thermodynamics”). 


Standard Cell Potential 


An electrochemical cell is an apparatus in which the oxidation and reduction half reactions of a redox process are 
separated in space. An electrochemical cell in which the redox process is thermodynamically favorable is a gal- 
vanic cell, also called a voltaic cell. A cell in which the redox process must be supplied with energy from an exter- 
nal power source, such as a battery, is an electrolytic cell. 


In electrochemical cells, there are two electrodes where the half reactions take place. The cathode is the electrode 
where reduction occurs, and the anode is the electrode where oxidation occurs. A useful mnemonic for this rela- 
tionship is “red cat”: Reduction always occurs at the cathode. 


The standard cell potential, Æ, for a redox process provides a quantitative measure of the favorability of that 
process. The more positive the standard cell potential, the more favorable the process. An unfavorable process has 
a negative cell potential. 


P= N 


cell reduction _ E oxidation 


or 


PFE E 


cathode _ anode 


The naught or ° symbol indicates that the cell potentials are measured for all reactants and products in their stan- 
dard states (1 atm for gases, 1.0 M for solutions and at 298 K). Non-standard cells will be reviewed in more detail 
in the context of chemical equilibrium in Big Idea 6, (Chapter 6, “Chemical Equilibrium”). The E° and the 
E -oa represent the standard reduction potentials for both electrodes. 


cathode 


anode 


Some standard reduction potentials are tabulated below. The unit is volts, V, the unit of electrical potential equal 
to joules of work per coulomb of charge transferred. 


Half Reaction Standard Reduction Potential, E° (V) 
AP 4362 Al 


These values can be used to determine the cell potential for the electrochemical cell in which Al” is reduced to Al 
and Ca is oxidized to Ca”. (The oxidation reaction of calcium is just the reverse of the reduction, Ca > Ca” + 2 e`.) 


2 Al* +3 Ca > 2 Al + 3 Ca” 


E 5 E 


cell reduction 


E? = -1.66 V - (-2.76)= + 1.10 V 


oxidation 


The positive cell potential indicates a thermodynamically favored process. This procedure will always work for 
finding the correct reduction potential, and many teachers and textbooks use it. There are other procedures for 
finding cell potentials that involve changing the sign of one of the cell half reaction reduction potentials. If you 
have been presented with one of these other methods by your instructor and are comfortable with it, use it exclusively 
to avoid confusion. 
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Standard reduction potentials for half reactions, such as those given for Ca™ and Al” above, are measured against 
a standard hydrogen electrode, which is an inert platinum electrode immersed in a 1 M solution of H,O” under a 

1 atm partial pressure of hydrogen gas. The reaction that is defined by chemists to have a cell potential of zero is 
the reduction of H*. 


2H*+2e >H, E° „= 0.00 V 


PRACTICE: 


Based on their standard reduction potentials, which of the following species have a greater tendency to 
be reduced than H*? 


Half Reaction Standard Reduction Potential, E° (V) 


As indicated by their positive standard reduction potentials, both O, and Ag” have a greater tendency to be 
reduced than H*. Cobalt ion, Co”, has a negative reduction potential, so it has a lesser tendency to undergo 
reduction than H*. 


Galvanic/Voltaic Cells 


A galvanic cell is one in which a redox process occurs spontaneously. A galvanic cell, also called a voltaic cell, has 
a positive cell potential, E°..,. Galvanic cells produce electrical energy by causing electrical current to move 
through the wire connecting the anode and the cathode. Batteries are galvanic cells. As we will see in Big Idea 5 
(Chapter 5, “Thermodynamics”), the change in Gibbs free energy, AG? „ is less than zero for a redox process with 
a positive cell potential. 


rxn? 


Shown below is a picture of a galvanic cell. In this cell, a strip of copper immersed in a solution of 1 M 
copper(II) sulfate is connected by a wire to a strip of zinc in a solution of 1 M zinc sulfate. 


Galvanic Cell 
Voltmeter +1.10 V 


Zinc 
(anode) 


Copper 
(cathode) 


The standard reduction potentials for the Cu** and Zn” ions are given below. Because the cell is galvanic, E°,,,, is 
positive. In order for this to be true, copper, which has the higher standard reduction potential, must be reduced 
at the cathode, and zinc, which has the lower reduction potential, must be oxidized at the anode. 
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Half Reaction Standard Reduction Potential, E° (V) 


Ear E E = 0.34 V — (-0.76 V) = 1.10 V 
Overall equation: Cu™ + Zn —> Cu + Zn” 


cathode _ anode 


Electrons flow from the zinc electrode, where oxidation is occurring, to the copper electrode, where reduction is 
occurring. Electrons always flow from the anode to the cathode, regardless of whether the cell is galvanic or not. 


As electrons are gained by the Cu” in solution at the cathode, the Cu% ions leave the solution and become solid 
copper, which deposits on the Cu electrode. This adds copper mass to the cathode. As electrons leave the zinc 
electrode, solid zinc atoms leave the electrode as they become Zn” ions in solution. The zinc anode loses mass. 


When both the reactant and the product of a half reaction remain in solution, or when a reactant or product is a 
gas, an inert (unreactive) electrode such as platinum or graphite is used. Inert electrodes do not participate in the 
redox reaction; they just provide the surface where half reactions occur. 


In order to maintain charge balance, a salt bridge connects the two half-cells. The salt bridge consists of a soluble 
salt embedded in a gel. The ions of the salt can move into the solutions, but the solutions themselves are pre- 
vented from mixing. Because Cu” ions are leaving the solution at the anode, the positive charges are replaced by 
cations (Na*) from the salt bridge. Because Zn? ions are entering the solution at the anode, the positive charges 
are balanced by anions (SO,”) from the salt bridge. 


A picture like the galvanic cell image above is not referred to as a “cell diagram.” A cell diagram is a shorthand 
method for describing an electrochemical cell in which the anode is written first, the cathode is written last, cath- 
ode and anode are separated by a double vertical line, ||, and phase boundaries are denoted by single vertical 
lines, |. The diagram for the galvanic cell pictured above is shown below. 


Zn(s) | Zn7*(1 M) || Cu (1 M) | Cu(s) 
PRACTICE: 


Sketch a picture of a galvanic cell based on the cell diagram: Pt(s) | Cr” (aq), Cr™ (aq) || H* (aq) | H,(g) | 
Pt(s). Write the overall balanced equation, label the cathode and anode, and label each half-cell with 


the reaction taking place. Show the direction of electron flow and show the direction of cation and 
anion flow to and from the solution and the salt bridge. Finally, is either of the electrodes gaining or 
losing mass? Why or why not? 


The overall balanced equation is 


2 Cr” + 2H* 52Cr* +H, 


The electron flow is from the anode, where Cr’ is being oxidized to Cr**, to the cathode, where H* is being 
reduced to H,, which bubbles out of the solution. Anions flow from the salt bridge to the anode to offset the pos- 
itive charges that result from the oxidation of Cr**. Cations flow from the salt bridge to the cathode to offset the 
loss of H* from the solution. (Electrons should never be shown flowing to or from the salt bridge.) Neither of the 
platinum electrodes is gaining mass. The Cr”, when oxidized to Cr°*, remains in solution. The H*, when reduced, 
forms a gas that bubbles out of the solution. 
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Sketch of a Galvanic Cell 
electron flow 


Salt bridge 


cations ——» 


~<— anions 


H, bubbles 


Anode Cathode 


Electrolytic Cells 


Electrolytic cells are electrochemical cells that involve a thermodynamically disfavored redox process. Electrolytic 
cells require an external source of energy, such as a battery, in order to force the electrolysis reaction to proceed. 
An electrolytic cell has a negative cell potential. The change in Gibbs free energy, AG’ „„ is greater than zero for a 
redox process with a negative cell potential (again, this concept will be reviewed in Big Idea 5, Chapter 5, 
“Thermodynamics’). 


The electrolysis of molten sodium chloride, which occurs industrially in a Downs cell, is shown in the picture 
below. The cell potential is negative, and the species with the more negative standard reduction potential, Na’, is 
being reduced to molten sodium at the cathode. Chloride ions, CI, are being oxidized to chlorine gas at the 
anode. Electrons still flow from the anode to the cathode, but they do not move spontaneously. The battery or 
electrical energy source forces the electrons to move. The two half reactions do not require separation in an elec- 
trolytic cell, so there is no need for a salt bridge. 


The Electrolysis of NaCl 
Electrolysis of Molten Downs Cell 
Sodium Chloride 


Molten sodium is less dense 


than molten NaCl. It 
floats to the top of the liquid. Bubbles of Cl, form at the anode. 


electron flow 


Bubbles of 
Cl, form at 
the anode. 


Cathode 
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Prediction of the products of electrolysis of molten salts is simple. The cation is reduced at the cathode and the 
anion is oxidized at the anode. 


Prediction of the products of the electrolysis of aqueous solutions of electrolytes is more complicated, because 
the electrolysis of water competes with the reaction of the electrolyte. 


At the cathode, the reduction of water is more easily accomplished than the reduction of the cations of active 
metals. The active metals are the group IA metals, in addition to Ca, Sr, and Ba. Formation of H, and OH is the 
reaction that occurs. 


2H,O + 2e — H,+2 OH- (occurs preferentially at the cathode) 


Na+ e — Na (does not occur in aqueous solution) 


At the anode, the oxidation of water to form O, is more easily accomplished than the oxidation of polyatomic 
ions such as SO,” and NO,. Notice that the sulfur and nitrogen atoms in these anions are already highly oxi- 
dized. Sulfur has an oxidation number of +6 and nitrogen has an oxidation number of +5. 


2H,O>0,+4H*+4e — (occurs preferentially at the anode) 


PRACTICE: 


An electrolytic cell is assembled in which an aqueous solution of silver nitrate is electrolyzed. 


Write and label the half reaction at the anode and at the cathode. Write the overall balanced equation. 
Is either of the electrodes gaining or losing mass? Why or why not? 


The reduction of Ag” ions occurs at the cathode. Since silver is not a group IA or group IIA metal, the reduction 
of water is not a competing process. 


Cathode: Ag” + e > Ag 
The oxidation water occurs at the anode. Nitrate, a polyatomic anion, is more difficult to oxidize than water. 
Anode: 2H,O>0,+4H' +4e€ 


The equation for reduction of silver must be multiplied by 4 in order to balance the number of electrons in the reac- 
tants and the products. After the addition of the two half reaction equations, the overall equation can be written. 


Overall: 4 Ag’ + 2 H,O > 4Ag+0O,+4H" 


The cathode, where Ag” is undergoing reduction to solid silver, is gaining mass; as the Ag” ions gain electrons, the 
neutral atoms plate onto the surface of the electrode. The oxidation of water at the anode produces oxygen gas, 
which bubbles out of the solution, and H” ions, which remain in the solution. 


Faraday’s Law 


Faraday’s law of electrolysis states that the number of moles of a product that can be formed in an electrolytic 
reaction has a stoichiometric relationship with the number of electrons supplied. 


The number of electrons supplied in an electrolysis reaction can be determined by the amount of current supplied 
over a known amount of time. Current, J, is a measure of the amount of charge, q, transferred per unit time, t. It 
is measured in amperes (A). One ampere is equal to one coulomb (C) of charge per second. 


[= 


~ [KQ 


1 coulomb 
l ampere = —————— 
1 second 
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The Faraday constant, F, is the amount of charge supplied by one mole of electrons. The equation for current and the 
value of Faraday’s constant are both included on the AP Chemistry Equations and Constants sheet (pages 365-366). 


96,485 coulombs 
lI mole 


F= 


The answer to any quantitative question regarding the amount of products formed, reactants consumed, current, 
time, or charge can be determined using the equation for current, the balanced redox equation, and dimensional 
analysis. 


Suppose the electrolysis of an aqueous solution of silver nitrate results in the deposit of a mass of 10.8 grams of 
silver at the cathode. How much current is required in order for this process to be complete in exactly 5.00 hours? 


The balanced equation for the reduction of silver cations is 
Ag’ +e — Ag 


One mole of electrons is required to reduce one mole of silver cations. The charge, g, in coulombs is calculated 
first. 


1 mokAg 1 mote _ 96,485 C 
108 BAG OST Ag” - a 


Since the current is expressed as coulombs per second, the time must be converted to seconds. 


5,00 W x 28S goio 5 


Li 


The current is determined using the appropriate equation. 


pate OS 2074 
t 1.80x10"s 


PRACTICE: 


An electrolytic cell is constructed in which electrodes are placed into an aqueous solution of CuSO,. 


A current of 3.00 A is applied. How long must the electrolysis proceed in order to plate 5.00 grams of 
copper at the cathode? 


The balanced half reaction is needed to give the number of moles of electrons required for the reduction of one 
mole of copper atoms. 


Cu” +2 £ — Cu 


In order to solve for time, begin with the number of grams of copper needed. Convert the grams of copper to 
moles, convert moles of copper to moles of electrons, and then use Faraday’s constant to find the charge transfer 
required, q. 


meotCu 2 moé 96,485 C 
5.00 get x 
ea 1 mci 1 mere” 


=1.52 x10‘ C 


(1.518253 x 10*) 
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The equation for current is rearranged to solve for time. 


1.518253 x 10° 
sa SOO E cie 
I 3.00 Z -s 


Redox Reactions in Energy Production 


The flow of electrons between chemical species in redox reactions provides a means for doing useful technological 
and biochemical work. The combustion of hydrocarbons provides energy for manufacturing, heating, cooling, 
lighting, and transportation. Batteries provide a portable source of power for such devices as lights, computers, and 
phones. Biological systems harness the energy released in redox reactions to power the processes essential to life. 


Fossil fuels such as petroleum, natural gas, and coal result from the decomposition of biological matter buried 
underground. They are the main source of energy in contemporary society. Energy is released when the electrons 
of C-C and C-H bonds are transferred to oxygen. The combustion of isooctane, for instance, takes place with a 
decrease in the oxidation number of oxygen and an increase in the oxidation number of carbon. 


2 C,H, + 25 O, —> 16 CO, + 18 H,O + energy 


The carbon in this process goes from an oxidation state of +2 in C,H,, to +4 in CO,. Oxygen goes from an oxidation 
State of zero in O, to —2 in H,O and in CO.. In Big Idea 5 (Chapter 5, “Thermodynamics”), we will review how to 
calculate the amount of energy released in this reaction based on the numbers and types of bonds formed and broken. 


Batteries are an additional source of energy that originates from redox reactions. A battery is a galvanic cell or 
series of galvanic cells that allows the movement of electrons from a species undergoing oxidation to a species 
undergoing reduction. The energy that is released is used to power an external process. One of the most familiar 
batteries are alkaline dry cell batteries. A zinc casing serves as the anode, and a graphite inner rod (or powdered 
graphite) serves as the cathode. Between the anode and the cathode is a paste of MnO, and KOH. The following 
reactions take place at the anode, where zinc is oxidized from Zn’ to Zn”, and at the cathode, where manganese is 
reduced from Mn™ to Mn”. 


Zn+20OH — Zn(OH), + 2e (anode) 
2 MnO, + H,O+ 2e — Mn,O, + 2 OH- (cathode) 


In biological systems, catabolism refers to the utilization of nutrient molecules to provide energy for cellular pro- 
cesses. (Catabolism is part of a more general process, metabolism, which is the sum of all fuel production and 
breakdown processes in a cell.) Living cells use fuel molecules such as glucose, C,H, as a source of electrons. 
The electrons are removed by enzymes, or biological catalysts, which transfer the electrons to other chemical spe- 
cies such as O,. This process is coupled to the synthesis of ATP, the cell’s energy “currency,” in mitochondria. 


C6H1206 +6 O, —> 6 CO, +6 H,O + energy 


Descriptive Chemistry 


There are several chemical observations that have historically appeared on AP Chemistry exams. These include 
colors of various solutions, tests for gases and halogens, and colors of common pH indicators. Students have 
probably made many of these observations firsthand in their AP Chemistry lab work. 
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Tests for Common Gases 


= Hydrogen gas, H,, when produced in a test tube, makes a pop or “bark” when ignited with a burning splint. 
= Carbon dioxide, CO,, when produced in a test tube, extinguishes a burning splint. 


= Oxygen gas, O,, when produced in a test tube, reignites a glowing splint. 


Tests for Acids and Bases 


= Litmus paper turns red in contact with acids and blue in contact with bases. 


= Universal indicator paper has a color range across the visible spectrum. Acids turn universal indicator red. 
The indicator changes from red to orange to green as solutions increase in pH from acidic to neutral (see 
Big Idea 6—Chapter 6, “Chemical Equilibrium”). More basic solutions turn universal indicator darker 
green to blue to purple. 


= Phenolphthalein is colorless in acidic solutions and pink in basic solutions. 


Colors of Various Oxidation States of Transition Metals 


Although exam questions often refer to the colors of transition metals, students should not be concerned with 
memorizing the colors. 


= Cr” ions tend to be blue, Cr’ ions tend to be green, CrO,” ions are yellow, and Cr,O,” ions are orange. 

= Mn” is pink, Mn“ is green, and Mn” is purple. 

= Fe’ is light orange. When a pale yellow solution of thiocyanate, SCN , ions is added, the resulting 
Fe(SCN)* complex is dark red. 


= Cu” solutions are blue and Ni” solutions are green. 


= When a few drops of aqueous ammonia are added to a solution of Cu”, a light blue precipitate forms. 
Upon continued addition of ammonia, the precipitate re-dissolves and the solution turns dark blue. 


Flame Test Colors 


A flame test is a qualitative test for the presence of a metal ion based on the metal’s characteristic emission spec- 
trum (see Big Idea 1—Chapter 1, “Structure of Matter”). A small sample of the compound to be tested is placed 
on a nichrome (nickel-chromium alloy) wire. The sample is then placed in a colorless flame and the color of the 
flame produced by the metal is observed. It is unlikely that students will need to draw on memory to answer ques- 
tions about the color of a flame produced by a particular metal. 


= Yellow flames are produced by Na’. 
= Red flames are produced by Li*, Ca**, and Sr”. 
= Violet flames are produced by K”, Rb’, and Cs”. 


m Green flames are produced by Cu** compounds other than halides (chlorides, bromides, and iodide). Green 
flames may also be indicative of Ba”. 


= Blue flames are produced by copper(II) halides. 
= White flames are produced by Mg”. 


Halogens and Halides 


= Fluorine gas, F,, a highly reactive substance, is pale yellow-green. Chlorine gas is pale green. Bromine, a liq- 
uid at STP, is red-brown. Iodine, I,, is a lustrous gray solid. When iodine sublimes, it forms a purple vapor. 


= A test for halide ions, X, involves the addition of drops of aqueous AgNO, to the solution under investiga- 
tion. A white or yellow precipitate is a positive test for halides. 


Ag’ (aq) + X (aq) > Agx(s) 
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Review Questions 


Multiple Choice 


1. Three 0.5-mL samples of different unknown clear, colorless solutions are contained in vials labeled A, B, 
and C. Twenty drops of an aqueous solution of ammonium chloride are added to each vial. Based on the 
following data, which statement is most likely to be true? 


Observation A gas is No detectable | A white 
evolved, which | change occurs. | precipitate 


turns damp forms. 
litmus paper 
blue. 


A chemical change occurs in vial A, while the processes in vials B and C are physical. 
Chemical changes probably only occur in vials A and C. 

Chemical changes occur in all three vials. 

A chemical change only occurs in vial C. 


SO 


Use the following particulate diagram to answer questions 2 and 3. The reaction takes place in aqueous solution, but 
water is not shown. The black circles represent copper, the gray circles represent nickel, and the white circles represent 
sulfate anions. 


2. Which type of chemical reaction is most likely represented by the particulate diagram above? 


A. Synthesis 


B. Decomposition 
C. Redox 
D. Precipitation 
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3. Which of the following statements is true? 


A. Copper ions are the limiting reagent. 
B. Nickel ions are the limiting reagent. 
C. Solid copper is the limiting reagent. 
D. Solid nickel is the limiting reagent. 


Refer to the unbalanced redox reaction between tin and periodate ions in acidic solution to answer questions 4 and 5. 


Sn” + IO; + H* > Sn* +1 + H,O 


4. Which statement regarding this reaction is true? 


Tin is being reduced. 
Iodine is being reduced. 
Oxygen is being reduced. 
Hydrogen is being reduced. 


SOM p 


5. How many Sn” ions are required when the equation is balanced with the smallest possible whole-number 
coefficients? 


6. For which of the following reactions is a net ionic equation least appropriate? 


A. A double replacement reaction between MgSO, and NaOH, in which a precipitate of Mg(OH), forms 
B. A redox reaction between NaClO and KI in an HCI solution to form I, KCl, NaCl, and water 

C. An acid-base reaction between H,PO, and NaOH to form Na,PO, and H,O 

D. A combustion reaction between C,H,F and oxygen, in which CO,, H,O, and HF are formed 


Use the following equation for the oxidation of iron to answer questions 7 and 8. The enthalpy change for the 
formation of one mole of Fe,O, by this synthesis reaction is 826 kJ-mol". 


__ Fet — O,-> — FeO, 


7. What quantity of heat is transferred in this reaction when a 27.9-gram sample of iron reacts with 11.2 L of 


O, at STP? 

A. -103 kJ 
B. -207 kJ 
C. -275 kJ 
D. -413 kJ 
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8. Which of the following sketches best represents the potential energy profile for the reaction of iron with 
oxygen to form Fe,O,? 


>> >> 
5 5 
= z 
fa fa 
Reaction Coordinate Reaction Coordinate Reaction Coordinate 
A B C 
A. Energy profile A 
B. Energy profile B 
C. Energy profile C 
D. The energy profile cannot be predicted based on the information given. 


9. A student prepares 1.0 M aqueous solutions of each of the following salts: HCO,Na, NH,Cl, NaNH,, and 
Cal,. Which choice shows the correct ranking of the solutions from most acidic to most basic? 


[ [Mest Acidic O Mt ase 
rs. [HCO.Na NHC 
CT NHC e [þm 


NH,C (Cal, [hco 
D. [NECI HCO,Na NaNH, [Ca 


Use the following information to answer questions 10 and 11. 


Phosphorus trichloride, PC1,, a reagent used in organic chemistry, is synthesized by the reaction of white 
phosphorus, P, with chlorine gas, Cl,. The data below shows the mass of PC1, formed when varying 
amounts of P, are used. The mass of chlorine is the same in each trial. 


__P,+__Cl, > _PCl, 


Mass of PCl} Formed versus Mass of P4 Reacted 
250. 


200. ə 6 ° 6 
150. 


100. 


Qn 
z 
e 


Mass of PCl; formed (g) 


0. 
0 10 20 30 40 50 60 70 80 90 
Mass of P4 (g) 
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10. Which statement about the limiting reagent in these trials is correct? 


In the first four trials, phosphorus is the limiting reagent and chlorine is in excess. 

In the first four trials, chlorine is the limiting reagent and phosphorus is in excess. 

In the last four trials, stoichiometric ratios of phosphorus and chlorine are available to react. 
No reliable conclusion regarding the limiting reagent can be drawn from this data set. 


SOM 


11. What mass of chlorine is used in the trials? 


A. 39 grams 
B. 77 grams 
C. 103 grams 
D. 155 grams 


12. The decomposition of C,H,N,O, results in the formation of nitrogen, carbon dioxide, oxygen, and water. 


13. 


14. 


4 C,H.N,O, > 6 N, + 10 H,O + 12 CO, + O, 


If the volume of oxygen produced by the decomposition of 454.2 grams of C,H.N,O, is 8.4 L at STP, what 
is the percent yield for this reaction? The molar mass of C,H,N,0, is 227.1 g-mol”. 


A. 38% 
B. 67% 
C. 75% 
D. 100% 


Atom economy is a measure of how much of the reactants in a reaction end up in the products. Assuming 
there is only one desired product in each case, for which type of reaction is the theoretical atom economy 
equal to 100%? 


Synthesis 
Decomposition 
Bronsted acid-base 
Double replacement 


SOM p 


Consider the following redox potentials. Which of the reactions below is most thermodynamically 
favorable as written? 


Half Reaction E” (V) 


2 Au* + 6 Br —> 2 Au + 3 Br, 

2 Au + 6 H,O > 3 H, + 6 OH + 2 Au” 
3 Br, + 2 Au —> 6 Br + 2 Au” 

H, +2 OH + Br, > 2 Br + 2 H,O 


Jawe 
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15. A student places a few drops of solutions of copper(II) sulfate, magnesium sulfate, and lead(II) nitrate into 
several small test tubes. The student places a sample of solid copper into a tube containing Mg” and 
another into a tube containing Pb**. The student places samples of solid lead into tubes containing Cu* 
and Mg”. Finally, the student places samples of solid magnesium into tubes containing Cu”* and Pb”. 
The results of the experiment are tabulated below. 


Cera) a T E a 
wO O O O O O o oi OO [Nonian O 
Me Ranas OO OOOO a 
PNO [Reconoce [Noren OOOO 


Based on this data, which of the following rankings of the half reactions is the correct order of standard 
reduction potentials, from most negative to most positive? 


Lowest (Most Negative) Highest (Most Positive) 
Reduction Potential Reduction Potential 


Cu” +2 —> Cu Pb* + 2 e — Pb Mg” +2 e > Mg 


[Mg +26 Ng por e2e Pb 
c [ae Ctac [M+M 


-oo Cu +263 Cu Pb” + 2 e — Pb 


16. A 2.0-A current is passed through a solution of M(NO,), for exactly 2 hours and 42 minutes. If 6.4 grams 
of metal are plated onto the cathode, what is the identity of the metal cation, M**? 


A. Fe” 
B. Cu” 
C. Zn” 
D. Sn” 


17. An aqueous solution of K,SO, is electrolyzed in a slightly acidic solution. Which statement correctly 
describes the reaction that occurs? 


A. Water is reduced at the cathode and water is oxidized at the anode. 
B. Kis reduced at the cathode and water is oxidized at the anode. 

C. Water is reduced at the cathode and sulfate is oxidized at the anode. 
D. K* is reduced at the cathode and sulfate is oxidized at the anode. 


18. Which of the following choices shows a conjugate acid/conjugate base pair? 


A. HCO,CO, 

B. H,O*/OH” 

C. H,AsO,/HAsO,” 
D. H,AsO,/AsO,7 


19. The reaction between 3.0 liters of SO,(g) and 1.0 liter of O, gas in a piston produces the maximum 
amount of SO,(g). At constant temperature and pressure, which statement describes the change in the 
volume of the piston? 


The volume of the piston increased by 2.0 liters. 
The volume of the piston increased by 1.0 liter. 
The volume of the piston decreased by 2.0 liters. 
The volume of the piston decreased by 1.0 liter. 


SOW 
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20. A student is trying to identify the metal cation present in a clear, colorless aqueous solution. When sodium 
hydroxide is added to a small aliquot of the unknown, no precipitate forms. Which course of action would 
give the student the most information about the identity of the cation? 


A. 
B. 
C. 
D. 


Evaporate the water from the sample and subject it to a flame test. 
Add a few drops of ammonia to a small aliquot of the sample. 
Add a few drops of silver nitrate to a small aliquot of the sample. 
Add a crystal of I, to a small aliquot of the sample. 


Long Free Response 


1. A study is conducted in which varying volumes of 0.500 M sodium hypochlorite, NaOCl, solution are 
added to varying volumes of a sodium thiosulfate solution. The sodium thiosulfate is 0.500 M Na,S,O, in 
0.200 M NaOH. The products of the reaction are sodium sulfate, sodium chloride, and water. 


a. 


b. 


i. Write and balance the net ionic equation for the reaction. 


ii. What advantage does the net ionic equation have over the total equation? 

The initial temperature of the solutions is 25.0 °C. When various volumes of the solutions are mixed, 
the resulting temperature change is recorded. Is this reaction endothermic or exothermic? Explain 
your answer based on the tabulated data below. 


a aad 
Trial NaOCl (mi) a O, mL) "o 

Oo 50 0 O Z 0 
——— S A OO E O R 
3 | 0o | 4% f| 33i 
Ce 230 | 30o | 88 | 
s |) # _ | Ba _ | a | 
C T a O E 
uo | o | o | 50 O 


A plot of the temperature changes for the trials is constructed. Explain the shape of the plot in terms 


of limiting reagent before and after trial 9. 


Temperature Change versus Reaction Stoichiometry 
35 


30 


è 


23 
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d. What conclusion about reagent ratio and theoretical yield can be drawn from the maximum 
temperature change in trial 9? 

e. The final volume of the mixture is kept constant throughout the trials. Why is it important to 
maintain a constant volume throughout the experiment? 


Short Free Response 


2. 
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Aspirin is a common pain-relieving medication. A student synthesizes a sample of aspirin, acetylsalicylic 
acid (ASA) by reacting salicylic acid (SA) with acetic anhydride (AA). 
Aspirin Synthesis 
i i 
g | . 
9x079 Ne" O 
| I | a. | 
C H3PO4 H3C 50) C H 
TNS C C Nera Neos T we 
H f i + mc oO”  ~cH; i i i ~ol cH; 
HC. CH Q HC. 2CH 
C 
H H 
Salicylic Acid (SA) Acetic anhydride (AA) Aspirin Acetic acid 
C-H603 C4H 603 Acetylsalicylic acid (ASA) C-H40,; 
138.12 g/mol 102.09 g/mol CoHgO4 60.05 g/mol 


180.16 g/mol 


The student begins by heating 2.00 grams of salicylic acid with 5.00 mL acetic anhydride (d = 1.08 g-mL"). 
The reagents are mixed with a catalytic amount of H,PO,. This means that the H,PO, facilitates the 
reaction but it is not consumed. This will be discussed in Big Idea 4 (Chapter 4, “Kinetics”). When the 
reaction is complete, the student dilutes the mixture with water and cools it to 0 °C in an ice bath. 


The student filters the crystals that form and washes them with additional cold water. This removes any 
leftover acetic anhydride, H,PO,, and acetic acid from the synthesis. The solid is dried. It is composed of a 
mixture of ASA and unreacted SA. 


The unreacted SA can be quantified by spectrophotometry. When a solution of FeCl, is added to the 
mixture of ASA and SA, the Fe** complexes with the unreacted SA to produce a violet solution. The Fe** 
does not react with ASA. 


The concentration of SA can be determined using a Beer’s law analysis. The standard absorbance curve of known 
concentrations of pure SA with FeCl, is shown below. The student finds that when excess FeCl, solution is added 
to a 0.220-gram sample of the ASA/SA mixture to give a final volume of 200. mL, the absorbance is 0.497. 


Beer’s Law Calibration 
Tron(III) Salicylic Acid Complex 


0.656 }-------- 


Absorbance 
cm) 
Ww 
i) 
CO 


0.164 | --- 


xio axit 3x0 dxi 
Concentration (M ) 
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a. Aspirin is soluble in water at high temperature but forms insoluble crystals at 0 °C. Explain this 
observation in terms of the kinetic energy of solvent and solute particles. What does this suggest 
about the enthalpy of dissolution of aspirin in water? (Hint: This requires knowledge of Big Idea 6— 
Chapter 6, “Chemical Equilibrium.”) 

b. What is the theoretical yield of ASA from the student’s synthesis in moles? 

c. What is the concentration of SA in the 200.-mL solution? 

d. What is the percent SA by mass in the ASA/SA mixture? 


3. A voltaic cell is constructed according to the cell diagram: Ni | Ni** (1.00 M) || Ag* (1.00 M) | Ag. 


Standard Reduction 
Half Reaction Potential, E° (V) 


a. i. Write the balanced net ionic equation for the reaction. 
ii. Determine the cell potential, E° sy 
b. Which electrode is losing mass? Explain what is happening to this mass. 
c. When the concentration of Ag’ has reached 0.822 M, what is the concentration of Ni 


at 


Answers and Explanations 


Multiple Choice 


1. B. (EK 3.C.1) Chemical changes probably only occur in vials A and C. The gas formation in vial A and the 
precipitate formation in vial C are indicative of chemical changes. The absence of any change in vial B is 
evidence that no chemical change is occurring, but further testing would be required to prove this 
definitively. The best answer is choice B. 


2. C. (EK 3.A.1, 3.B.1, 3.B.3) Copper starts out in the solution. The copper ions are found in a 1:1 ratio with sulfate 
ions, which have a —2 charge, so the copper ions must be Cu”. The nickel is shown as a solid crystal at the bottom 
of the container. On the product side, some of the nickel has been replaced by copper, which has been reduced. 
The nickel that has been replaced has entered the solution as Ni”. The net ionic equation for the reaction shown is 


Cu” + Ni > Cu + Ni” 


3. A. (EK 3.A.2) Copper ions gain electrons from nickel and replace them as the metallic solid. In this 
drawing, Cu” ions react with Ni’. The Cu” is completely consumed to form products, but some Ni” 
remains. The copper ions, therefore, are the limiting reagent. 


4. B. (EK 3.B.3) Iodine is going from a +7 oxidation state in the periodate ion to a —1 oxidation state as 
iodide. This decrease in oxidation number is due to a gain of electrons. 


5. C. (EK 3.B.3) The coefficient for tin is 4. The balanced redox equation as determined by the half reaction 
method is shown. 


4Sn* + IO; +8 H* >4Sn* +T +4H,0 


6. D. (EK 3.A.1) The presence of spectator ions, which do not participate in the chemistry of a reaction, 
necessitate the use of net ionic equations. The only reaction in which there are no spectator ions is the last 
equation, the combustion of C,H,F. Na’ and SO,” are spectators in the double replacement reaction, K* 
and Na’ are spectators in the redox reaction, and Na’ is a spectator in the acid-base reaction. 
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7. 


10. 


11. 


178 


B. (EK 3.A.2, 3.C.2) The equation for the reaction must be balanced first. 
4 Fe + 3 O, > 2 Fe,O, 


The problem gives the amount of heat released by one mole of Fe,O,, as indicated by the negative value of 
the enthalpy change. The next step in the solution is determining the number of moles of Fe,O, that are 
generated based on the amounts of starting materials, 27.9 grams of iron and 11.2 L of O, at STP. 


1 metFe ae ee 
2 
19 BFC xo Re 85 ge 


| pO, 2 mol Fe,O, 
11.2 LO x 5 Sve aa re = 0,333 mol Fe,O, 


Iron is the limiting reagent. The amount of heat released is calculated from the theoretical yield of Fe,O,. 


= 0.250 mol Fe,O, 


0.250 mol Fe50, x Pea) 2 —207 kJ released 
1 mol Fe50, 


B. (EK 3.C.2) Energy profile B represents an exothermic reaction. The negative enthalpy change indicates a 
product energy that is lower than the energy of the reactants, so heat has been released over the course of 
the reaction. 


C. (EK 3.B.2) NH,” ions are slightly acidic, aqueous Cal, is neutral, HCO, is weakly basic, and NH, is 
strongly basic. It is best to approach this problem by first recognizing that Na*, Cl, Ca’*, and I do not affect 
the pH of the solution since they are the conjugates of strong acids (HCl and HID) and bases (NaOH and 
Ca(OH),). NH,*, is the conjugate acid of ammonia, a weak base (NH,). It forms a weakly acidic solution. 
Cal,, is composed of Ca”, the cation of a strong base, Ca(OH),, and T, the conjugate base of a strong acid, 
HI, so it is a neutral salt. HCO,, is the conjugate base of a weak acid, HCO,H. It forms a weakly basic 
solution. NH, , is the conjugate base of ammonia, which is already weakly basic and is an amphoteric species. 
The deprotonated form of ammonia is strongly basic, and this solute is the most basic of the four species. 


A. (EK 3.A.2) The amount of PCI, formed levels off when the stoichiometric ratio of P, to Cl, is reached. 
Before this point, the limiting reagent is P,, because as more P, is added, more product is formed. After this 
point, the amount of product formed does not increase with increasing quantities of P,. In these cases, 
chlorine is the limiting reagent. 


D. (EK 3.A.2) The first step in any stoichiometry problem is to balance the chemical equation. 
P, + 6 Cl, > 4 PCI, 


The maximum amount of chlorine available is used in the final four trials to form the maximum amount 
of product, 200. grams. The number of grams of chlorine can be calculated from the number of grams of 
product that are formed. 


T 1 mol PCI, 6 moer, „7090 8Cl i55 g 
i “737.32 gPE 4 mol PCI, 1 moe; 


Sas oe 140 
Without a calculator, we can make an estimation. The molar mass of chlorine is approximately a 


Bi sa aA N ig 


Yo 2” 2 2 


The closest choice is 155 grams. 
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12. C. (EK 3.A.2) Theoretical yield and actual yield are needed in order to determine percent yield. The 
theoretical yield of oxygen is determined using the mass of the reagent. 


1 mol z N30, lL mol, . 22.4 LO; 
454.2 2=11.2L0 
BCH NO, x 227.1 GHN O, 4 mol CHNO, I moo; i 


The actual yield of O, is 8.4 L. 


oa bad ai x 100% = 75% 
11.2 Ley 


13. A. (EK 3.A.2, 3.B.1) In a synthesis reaction, every atom in the starting material is theoretically 
incorporated into the products. This should be a 100% atom economical process. For each of the other 
types of reactions, multiple products are formed. If only one of the products is desired in these other 
processes, the atom economy is less than 100%. 


14. D. (EK 3.C.3) The reaction with the most positive cell potential, E? „p is the most spontaneous as written. 
Inspect the direction of each half reaction to determine which potential applies to the cathode and which 
applies to the anode. 


Reduced Species Oxidized Species 
E ae E ata — E ioa =f cell (V) 


Be |L- 0.43 


Bo [Be r= c= 


The reaction with the highest cell potential is the redox reaction between Br, and H, in basic solution 
(choice D). 


15. B. (EK 3.C.3) The solids in this question have oxidation states of zero, and the ions have oxidation states 
of +2. If a reaction occurs, the solid metal is oxidized and the ion is reduced in a single replacement 
reaction. Cu’ has the highest reduction potential because it is reduced by both Mg and Pb. Mg” has the 
lowest reduction potential; it is reduced by neither Cu nor Pb. 


16. B. (EK 3.C.3) The number of electrons transferred is determined using the equation for current. The 
equation relating current, charge, and time (z = 2) is found on the AP Chemistry Equations and Constants 


sheet (pages 365-366). The number of electrons transferred is used to calculate the number of moles of 
metal, M. The molar mass, M, of the metal can be obtained by dividing the mass by the number of moles 
of metal. The molar mass, 64 g/mol, most closely matches that of copper, so the metal cation is Cu’”. 


= 0.101 mol M 


2: Imole” 1molM 
q=txI= (162 mif )- 604 „20g Imole  1molM : 
ma ig ” 96,485 96,485 @ ` 2 mole 


oe 64 g - mol” 


~ 0.101 mol 


Without a calculator, the calculation can be simplified. Using scientific notation is one way to deal with 
large numbers. 


160x60x2  9.6x10° | 
96,000x2 9.6x10* 
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17. 


18. 


19. 


20. 


A. (EK 3.C.3) The electrolysis of a solution of K,SO, will result in water being both oxidized and reduced. 
K* is an active group IA metal ion that accepts an electron with more difficulty than H,O. SO,” is a highly 
oxidized sulfur-species. The oxidation number of sulfur is +6. Water is oxidized more easily than SO,”. 


C. (EK 3.B.2) A conjugate acid/conjugate base pair is a pair of species in which one proton (H*) can be 
transferred from the acid to the base. They differ by one H*. For the H,AsO,/HAsO,” pair, a single H* is 
transferred from H,AsO, to produce HAsO,’. 


D. (EK 3.A.1, 3.A.2) The chemical equation must first be written and balanced. 
2 SO, + O, > 2 SO, 
Next, determine the limiting reagent. 


2 L SO 


irim i: ee 
3.0 LS; TO 3.0 LSO, 


2LSO 


pees Oe 
a Sal Rs 2.0 LSO, 


The maximum amount of SO, that can be produced is 2.0 L. O, is the limiting reagent, so the entire 
volume of O, reacts. The amount of SO, that reacts must be calculated. 


2LSO, 


2.0 LSO; x= =2.0 LSO, 
2 LSO 


One methodical approach to determining how many liters are present at the end of the process is to set up 
a table to take an inventory of the species present before and after the reaction. Equilibrium (or 
“R.I.C.E.”) tables will be considered in Big Idea 6 (Chapter 6, “Chemical Equilibrium”). 


[Spies so o SO, 


Before the reaction, there are 4.0 L of gas (SO, + O,) in the piston; after the reaction, there are 3.0 L of gas 
(SO, + SO,). There is a decrease of 1.0 L. 


A. (EK 3.C.1) The addition of sodium hydroxide would cause any cation other than that of a strong 
soluble base to precipitate, but the group IA metals and the heavier group IIA metals would remain in 
solution. Adding ammonia, nitrate, or I, to any of these cations would have no effect. A flame test, 
however, would result in different flame colors for different cations. Yellow flames are produced by Na’; 
red flames are produced by Li*, Ca**, and Sr**; and violet flames are produced by K*, Rb’, and Cs”. Of the 
methods listed, the flame test would provide the most information about the identity of the cation. 


Long Free Response 


1. 
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a. i. (EK 3.B.3) The change in oxidation states of the atoms in the species shows that this is a redox 
reaction in basic solution. 


First, write the unbalanced net ionic equation. Notice that the oxidation number of sulfur goes from 
+2 to +3, and the oxidation number of chlorine goes from +1 to —1. Sulfur is oxidized and chromium 
is reduced. Recognizing that Na’ is always a spectator ion in aqueous solution will expedite the task. 


OCT + $,0,7 + OH’ > SO? + CT + H,O 


Divide the reaction into oxidation and reduction half reactions. Balance all atoms other than 
hydrogen and oxygen. 


oxidation: $,0,” > 2 SO,” reduction: OCI > Cr 
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Balance oxygen by adding H.O. 
S,0,- + 5 H,O > 2 SO, OCI > CIT + H,O 
Balance hydrogen by adding H*. 
S,O,7 + 5 H,O —> 2 SO, + 10 H+ OCT + 2 H* —> CT + H,O 
Balance charge by adding electrons. 
S,0,/+5H,O > 2 S0} +10 HŻ+8e OCI +2H*+2e — Cr+ H,O 

Multiply the half reactions by a factor that will equalize the number of electrons. 

1(S,0,~ + 5 H,O > 2 SO} +10 H*+8e)  4(OCT +2 H+ +2 e — Cr + H,O) 

SO, + 5 H Ov 2 SO + 10 H*+8e  40Clr+8H*+8e — 4Cr +4H,O 
Add the half reactions back together. The electrons on both sides must cancel. 


S,0,7 +5 H,O +40OCI + 8H + 86 > 2S0, +° WØ Ht + 86 +4Cl +4H,0 
S,0, +5H,O+40Cl > 2S0, +2H*+4Cl +4H,0O 


The reaction is in basic solution. Add enough OH to both sides of the equation to neutralize all the 
H*. Simplify the number of water molecules. 


S,0; +5H,O + 40Cl +20H > 2807 + 2H'+ 4Cl+ 4H,O + 20H 
S,03 + SHO +4 OCI +2 OH” 32807 +4 C7 +' 6 H,O 
S,0;7 +40Cl +2O0H —>2S07 +4Cl +H,O 


ii. (EK 3.A.1) The net ionic equation has the advantage of omitting spectator ions that do not undergo 


any reaction. 


(EK 3.C.2) An increase in temperature reflects a transfer of heat from the reacting system to the 
thermometer, which is part of the surroundings. In all cases when reactants are mixed, heat is given 
off, so this reaction is exothermic and energy is released as a product of the process. 


(EK 3.A.2) Before trial 9, the heat released increases as the ratio of S,O,” to OCT increases. In these 
trials, OCT is the limiting reagent since adding more OCI from one trial to the next increases the 
amount of heat released. After trial 9, S,O,~ is the limiting reagent. At this point, there is not enough 
S,O,° to react with the larger quantity of OCT. 


(EK 3.A.2) The maximum temperature change in trial 9 indicates that a perfect stoichiometric ratio 
of OCI and S,O,” has been added. The concentrations of both reactants are the same, so the 4:1 
volume ratio of trial 9 corresponds to a 4:1 mole ratio of OCI to S,O,”. This means that the 
maximum theoretical yield is expected. 


(EK 3.C.2, 5.B.2) It is important to maintain a constant final volume in this experiment so that no 
correction must be made for heat transferred to varying amounts of the solvent. If more solvent was 
available in a trial the same amount of heat would be released in the reaction, but more heat would be 
transferred to the solvent. This would result in a smaller heat transfer to the thermometer to register 
as a temperature change relative to a trial with a smaller volume of solvent. 
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Short Free Response 


2. a. (EK 2.A.3, 5.A.1, 6.B.1) Aspirin is more soluble at high temperatures because the average kinetic energy 
of aspirin and water particles is greater, causing an increase in the number of collisions that are energetic 
enough to disrupt solute-solute intermolecular forces. This suggests that the dissolution is an endothermic 
process. An endothermic dissolution process is shifted toward products when additional heat is supplied 
to the system. This is an application of Le Chatelier’s principle, which says that when a stress is applied to 
a system at equilibrium, the equilibrium shifts in such a way as to relieve that stress. 


b. (EK 3.A.2) The theoretical yield is determined by finding the number of moles of aspirin expected if 
each reactant was converted completely to product. 


= 0.0145 mol ASA 


1 metSA Ee 
200 Bes “738.12 SAK 12 gSK 


zi oS 1.08 gAA „1 mol ASA 
l 1 mLAA ‘Guo 1 mA 


= 0.0529 mol ASA 


Less aspirin (ASA) is expected from the complete reaction of SA than from that of AA, so SA is the 
limiting reagent. The theoretical yield of ASA is 0.0145 mole. 


c. (EK 1.D.3) The slope of the straight line from the standard curve is equal to ab. 


.656 — 0.164 
==" = 2 ai =; =1640 M” 
Ac 4x10°M-1x10°M 


The concentration is found by rearranging the Beer’s law equation and using the measured absorbance, 
A, and the slope, ab, of the standard curve to solve for c. 


A 0.497 


= ia 10“ M 
a 


d. (EK 1.E.2, 2.A.3) The mass of SA is needed to determine the percent by mass in the mixture. This can 
be determined from the volume and the concentration. 


i 10+ 138.12 g SA 

200. mL-setution x Semion 1 Lsekrtion ,, 3:03 x10 3.03x10" morSA 138.12 g SA 
1000 1000 mL-setution — ‘1 Lsetution “T ms 

0.00837 g SA 
0.220 g mixture 


= 0.00837 g SA 


x 100% = 3.81% SA by mass 
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3. a.i. (EK 3.B.3, 3.C.3) The balanced net ionic equation is 
Ni + 2 Ag* > Ni” +2 Ag 
ii. (EK 3.C.3) One reliable method for finding the cell potential is as follows. 


PEF E? oae = 0.80 V — (0.25 V) = 1.05 V 


cathode anode 


b. (EK 3.C.3) Mass is being lost from the anode, the electrode where oxidation of nickel solid to Ni?* is 
occurring. As the electrons leave the nickel and it is converted to cations, it becomes soluble in the 
aqueous solution. The Ni” ions leave the solid anode and enter the solution. 


c. (EK 3.A.2) Both Ag* and Ni” begin as 1.00 M solutions. As Ag” is reduced, its concentration 
decreases, and as nickel is oxidized, the Ni’* concentration increases. When the concentration of Ag* 
has fallen to 0.822 M, the amount of Ag’ per liter that has reacted is the difference between the initial 
concentration and the new concentration. 


[Ag*] = 1.00 M— 0.822 M = 0.178 M Ag* 


The amount of Ni** formed is determined by the reaction stoichiometry. 


0.178 molAg*teacted 1 mol Ni** formed _ 0.0890 mol Ni** formed 


x ee 
1 L solution 2 mol Ag* reacted 1 L solution 


The new concentration of Ni” is the sum of the concentration formed as a result of the redox 
reaction and the initial concentration. 


[Ni2*] = 1.00 M + 0.0890 M = 1.09 M 
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Kinetics (Big Idea 4) 


Big Idea 4: Chemical kinetics is the study of the 
factors that influence the rates of chemical reactions 


Chemical reactions occur at a wide variety of speeds. The explosive reaction of gunpowder in fireworks occurs 
almost instantly, while the decomposition of diamond to graphite occurs on a geologic timescale. Kinetics is the 
study of the reasons for variety of rates and reactions. The manner in which molecules collide, the energy with 


which those collisions occur, and the stepwise sequence of events that lead to a particular transformation are all 
within the scope of chemical kinetics. 


Rates of Reactions 


A rate is a change in a quantity per unit time. A familiar example is the rate that is displayed on the speedometer 
in a car. This rate refers to change in position over time. If a car is travelling at 70 miles per hour, then in 1 hour 
the car’s position has changed by 70 miles. 


In chemistry, the rate of a reaction is expressed as a change in amounts of reactants or products per unit time. As 
an aid to visualization, imagine a catering service is preparing sandwiches at a rate of one sandwich per minute 
according to the following “equation.” 


2 slices of bread + 3 slices of cheese > 1 sandwich 


The rate of sandwich production is expressed as a change in quantity per unit time. 


: A sandwiches 1 sandwich 
rate of sandwich production = ————__ = —————_ 
A time minute 


The rate of sandwich production can be related to the rate of disappearance of bread and cheese slices. Since the 
amounts of bread and cheese decrease as sandwiches are produced, A bread and A cheese are less than zero. The 
rates of change of the ingredients are negative. 


As one sandwich is produced, two slices of bread disappear. Alternatively stated, the rate of sandwich production 
is one-half the rate of bread disappearance. 


I/A 
rate of sandwich production = — (see | 
2\ A time 


As one sandwich is produced, three slices of cheese disappear. The rate of cheese disappearance is one-third the 
rate of sandwich production. 


. 1/ Ach 
rate of sandwich production = — (AS) 
3\ A time 


By this analogy, for the general reaction 
aA + bB > cC + dD 


the rate expression in terms of concentrations of reactants and products is: 


rate of reaction = -L(a = -1(281) 7 Lac j Ea 
a\ At b\ At} cl At} d\ At 
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PRACTICE: 


The equation for a hypothetical reaction is shown below. Using the tabulated data provided, determine 


the coefficients b, c, and d. 


3A+bBocCt+dD 


At 
At 


A[C] 0.500 
At 

A[D ] 0.250 
At 


Since the coefficient of A is known, the rate of change of the concentration of A can be used to determine the 
rate of the reaction. 


rate of reaction = (2151) = -=(-0.750 M -s')=0.250 M-s" 
a 


Once the rate of reaction is known, it can be used to determine the coefficients b, c, and d. 


0.250 M -s = -= (-1.00 M-s*) 
b=4 

0.250 M-s=~(0.500 M-s*) 
ga? 

0.250 M-s = =(0.250 M-s*) 


d=1 
Consider the following hypothetical reaction between reactants A and B. 


A+B>C+D 


At any time in the reaction, the instantaneous rate with respect to a reactant or product is given by the slope of 
the tangent line to the concentration versus time curve. Let’s calculate the instantaneous rate of disappearance of 
B at 1 second and at 5 seconds of reaction time. 
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The Concentration of B as a Function of Time 


Concentrations (M) 


0.25 


0 
Time (s) 
rate at 1 second = Se a ee 0.25 M-s? 
At 1.7 s-—0.7s 
rate at 5 seconds = _ A[B] = _ 0.25 M -0.35 M = 0.033 M. go! 
At 7.0s—4.0s 


Notice also that the rate of disappearance of B decreases with time. 


PRACTICE: 


Use the plotted data to estimate the rate of this reaction at 5 seconds 


> 
a 
n 


Concentrations (M) 


Time (s) 
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The slope of the tangent line at 5 seconds is used to calculate the rate. 


A[D]_ 0.75 M — 0.65 M 
At 7.0s—4.0s 


rate at 5 seconds = = 0.033 M -s7 


Now, imagine another hypothetical reaction between reactants A and B in aqueous solution. 


A+2B>4C+2D 
The concentrations of the reactants and products can be measured and plotted as a function of time. 


Concentrations of Reactants and Products as a Function of Time 


[A] ——— 
1.00 + E a 
| [C] ---- 
[D] - 
S 0.75 
z 
© 
E 
= 0.50 
8 
(= 
-E i a E E E 
O k i. 
0.25 F ca * 
0 7 
0 l 2 3 4 5 j; 3 : 


Time (s) 


The rate of disappearance of B at any instant is twice the rate of the disappearance of A, and the rate of appear- 
ance of D is twice the rate of the appearance of C. In this case, the rates of disappearance of reactants and the 
rates of appearance of products are decreasing with time. In other words, as concentrations of reactants decrease, 
the rate of the reaction also decreases. When the concentrations of reactants and products stop changing, after 

8 seconds in this case, equilibrium has been established. At equilibrium, the rates of the forward and reverse 
reactions are no longer changing, (chemical reactions proceed both in the forward and in the reverse direction; 
the reversibility of chemical reactions will be the focus of Big Idea 6—Chapter 6, “Chemical Equilibrium”). 

In the plot above, equilibrium is reached after about 8 seconds. 


Measuring the Rates of Reactions 


There are several methods for determining the rate of a chemical reaction experimentally, and all of them involve 
measuring the change in some observable quantity over time. 


Some quantities that can be monitored to deduce the rate of a reaction include: 


= Volume of a gas produced. A reaction that produces a gas as a product can be set up in an Erlenmeyer flask 
with a stopper and an empty syringe. The plunger of the syringe is pushed out by the pressure of the gas 
produced, and the volume of gas in the syringe is recorded at regular time intervals during the reaction. 
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Apparatus for Measurement of the Rate of Gas Production 


Gas production lifts the plunger. 
The volume of gas produced is 
recorded at certain time intervals. 


Gas bubbles are a product 
of the reaction. 


= Change in pressure as gases are produced or consumed. In a sealed, rigid container, the pressure will increase 
as gaseous products are produced or decrease as gaseous reactants are consumed. The total pressure in the 
container can be measured with a sensor. 


= Change in the mass of a reaction as a solid or liquid is converted to gas.. A reaction can be carried out ina 
container on a balance. The mass can be recorded at time intervals to monitor the rate at which gaseous 
products are released to the atmosphere. 

= Change in concentration as determined by spectrophotometry. An increase in the concentration of a colored 


product or a decrease in the concentration of a colored reactant can be monitored in a spectrophotometer. 
The values of the concentrations are determined using Beer’s law analysis of a known calibration curve. 


= Change in pH as a reaction proceeds. Reactions in which acids or bases are formed or consumed will 
undergo a change in pH as the reaction proceeds. A pH meter can be used to monitor the change. The pH 
scale will be reviewed in Big Idea 6 (Chapter 6, “Chemical Equilibrium”). 


PRACTICE: 


A group of art conservation researchers is interested in determining the rate at which a red pigment in 
a sample of watercolor paint fades upon exposure to ultraviolet light. The group has access to a pure 


sample of the pigment. Propose a general method by which the researchers might determine the rate 
at which the pigment fades. 


Since the pigment is water-soluble, the researchers might use spectrophotometry to determine how the concentra- 
tion of the red pigment in an aqueous solution decreases after periods of ultraviolet exposure. After determining 
the maximum visible wavelength of absorbance of the pigment, a calibration curve should be constructed using 
known concentrations of the pigment. The absorbance of a solution of a known concentration should be mea- 
sured, and then it should be exposed to UV light for a fixed length of time. The absorbance should then be mea- 
sured again. The pigment solution should be exposed to UV light and measured several more times to determine 
how the concentration changes with time of exposure. 


Factors That Influence Rates of Reactions 


Reactions can occur at an enormous variety of rates, and the rate of a single reaction can vary, depending on the 
conditions. Consider a novelty glow stick. It consists of a thin glass tube of one reagent inside a flexible plastic 
casing that contains a second reagent. When the tube is bent, the inner stick breaks and the reagents mix. The 
reaction mixture glows until the reaction is complete. At room temperature, the reaction is complete in several 
hours and the stick stops glowing, but in the freezer, the stick may continue to glow for days. The rate of the reac- 
tion is temperature-dependent. 
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Novelty Glow Stick 


The light-emitting glow stick 
reaction begins when the inner 
glass tube is broken. 


The reaction reaches completion 
faster at room temperature than it 
does at cooler temperatures. 


There are several experimental factors that have important effects on the measured rates of chemical reactions. 


= The physical state of the reactants has an effect on the rate of a reaction. Mixing aqueous solutions of 
Pb(NO,), and KI will form a precipitate, PbI,, but if solid Pb(NO,), and KI are brought together, no reac- 
tion will occur because the ions are unable to collide in their solid crystalline forms. In aqueous solutions, 
the reactants are dissociated into free ions and are capable of colliding. 


The Effect of Physical States on Reaction Rate 


Ions in solution move and collide. 
The reaction is faster in solution. 


Ions in solids do not collide. 
The reaction between the two 
solids is slower. 


The reaction of butyl bromide, C,H,Br, with azide, N,, is observed to proceed 5,000 times faster in 
acetonitrile, CH,CN, a polar solvent, than in methanol, CH,OH, a solvent capable of hydrogen bonding. 
The reasons for this are complicated and beyond the scope of the AP Chemistry exam, but students should 
be aware of the ability of a solvent to affect the rate of a reaction due to differences in intermolecular forces 
between different solvents, reactants, and products. 


A change in the surface area of the reactants has an effect on the rate, as well. A piece of chalk that has 
been crushed has more surface area and reacts much more quickly with aqueous acid than a stick of chalk 
that is intact. This is because more of the chalk particles in the crushed chalk are at the surface and are 
exposed to the acid. The acid particles can only collide with the surface of the chalk. 
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Surface Area 


Two cubes have the same volume, but the cube on the right 
has a greater surface area. For the same reason, a crushed 
reactant has more surface area than a single, intact solid. 


lcm 
lcm : £L A F 
rs -f | 0.5 cm 
nl n 
Surface area = Surface area = 
6 sides (1 cm x 1 cm) = 6 cm? 8 cubes x 6 sides (0.5 cm x 0.5 cm) = 12 cm? 


= The concentrations or partial pressures of the reactants have an impact on the rates of nonzero order reactions. 
For reactions in which reactant particles must collide, an increase in the number of particles will increase 
the frequency of collisions. 


= The temperature at which a reaction is carried out affects the rate of the reaction. At higher temperatures, 
reactions proceed faster than at lower temperatures. An increase in temperature is an increase in the average 
kinetic energy of the molecules. The higher the average kinetic energy, the higher the frequency and energy 
of the collisions. A larger number of molecules collide with sufficient energy for a reaction to occur. 
For reactions at or near room temperature, a 10 °C increase in temperature will, in many cases, double the 
reaction rate. 


The activation energy, E,, is the minimum energy the reactants must achieve to reach the transition state for 
a reaction to occur. The transition state represents a high-energy activated complex, in which reactants’ 
bonds are being broken and new bonds are being formed. The reagents in the glow stick mentioned above 
have a higher average kinetic energy at room temperature than they do in the freezer, so collisions with suffi- 
cient activation energy for the reaction occur more frequently. This is why the reaction proceeds more 
quickly at room temperature. 


The Effect of Temperature on Reaction Rate 


The activation energy is the collision energy 


that must be achieved in order for the 


—— Low temperature 
— High temperature 


reaction to occur. 


Number of Molecules 


A smaller proportion of the low- A larger proportion of the high- 
temperature molecules have temperature molecules have 
sufficient activation energy to react.|| sufficient activation energy to react. 
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m= The presence of a catalyst increases the rate of a reaction. A catalyst is a substance that provides an alternate 
route, or mechanism, that leads to a different activated complex for a reaction. This activated complex, or 
transition state, is lower in energy than the activated complex of the uncatalyzed reaction. Catalysts will be 
discussed in more detail in the final section of this chapter. 


The Effect of Catalyst on Reaction Rate 


Activation energy of | | Activation energy of 
catalyzed reaction uncatalyzed reaction 
; Low temperature 
— High temperature 


Number of Molecules 


Energy 


Larger proportions of both the low-temperature and high-temperature 


molecules have sufficient activation energy to overcome the lower 
barrier of the catalyzed reaction. 


The Rate Law 


A rate law (also called the differential rate law or rate expression) is a mathematical expression of the relationship 
between the rate of a reaction and the concentration of the reactants. 


For the general reaction 
aA+bB+cC- products 
where A, B, and C are reactants and a, b, and c are stoichiometric coefficients, the rate law has the form 
rate = k[A]*[BP[C]’ 


The constant, k, is called the rate constant for a reaction. It is an experimentally determined factor that is charac- 
teristic of a particular reaction at a certain temperature. The exponents are the orders of the reaction with respect 
to each reactant. The overall reaction order is given by the sum of the exponents. 


The reaction between chlorine dioxide and hydroxide ion is shown to illustrate 
2 ClO, + 2 OH —> ClO, + ClO, + H,O 
The rate law for this reaction at 25 °C is 
rate = (230 M~- s")[ClO,/[OH ] 
Notice first that k = 230 M~-s". Again, the numerical value of the rate constant has been determined experi- 


mentally for this reaction at this temperature. The units of k are chosen so that the rate has units of M- s”. 
Considering only the units, 
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rate ~ k- M? 

M -s =k- M? 
(M-s')M°?=k 
M”?.st=k 


The exponents for [C1O,] and [OH ] indicate that the reaction is second order with respect to ClO, and first order 
with respect to OH. Since the sum of the exponents is 3, the reaction is third order overall. The orders are unre- 
lated to the coefficients in the overall balanced equation since the reaction mechanism may not occur in a Single step. 
(The orders of reactions are related to the stoichiometric coefficients when the reaction occurs via a single step 
mechanism, as will be discussed in “Reaction Mechanisms,” page 206.) 


PRACTICE: 


A reaction between chlorine dioxide and hydroxide ion at 25 °C, shown below, initially has a chlorine 
dioxide concentration of 0.020 M and a hydroxide concentration of 0.400 M. 


2 ClO, +2 OH > ClO, + ClO, + H,O 


The rate law is 


rate = (230 M~*s")[ClO,}[OH ] 


What is the initial rate of the reaction? 


The initial rate can be found by solving the rate law expression using the initial concentrations. 


rate = (230 M ™° - s™™)[C10, F [OH] 
rate = (230 M” -s')(0.020 M} (0.400 M) = 0.037 M -s7 


The value of the rate constant provides information about the relative speed of a reaction. The larger the rate 
constant, the faster the reaction. A reaction with a rate constant on the order of 10° at 10 °C, for instance, is 
much faster than a reaction with a rate constant of 10° at the same temperature. 


Sometimes the rate of a reaction is independent of the concentration of one (or more) of the reactants. In this 
case, the order of a reaction with respect to that reactant is zero. 


The rate law for a hypothetical reaction is shown. Notice that the order with respect to reactant B is zero. In this 
reaction, the rate of the reaction is independent of the concentration of B. 


A + B- products 
rate = k[A] [B]’ = k[A]’ 


PRACTICE: 


A reaction between molecules X, Y, and Z has the following rate law. 


rate = k[X][Y]’ 


What will happen to the reaction rate if the concentrations of X and Z are doubled and the 
concentration of Y is halved? 
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Because the reaction is zero-order in Z, we can disregard Z. Let X,, and Y, be the initial concentrations and let 
X,, and Y, be the final concentrations of X and Y. We can establish relationships between the initial concentra- 
tions and the final concentrations based on the wording of the problem. 


[X, ] = 2[X,] 


l 
[Y,]= Ba 


We would like to know the ratio of the rate of the final reaction to the initial reaction, so we can set up an equa- 
tion and substitute the values of X, and Y, for X, and Y,, respectively. 


rate, k[X,][Y,} 


rate, A[X,][Y,] 


awe, _FeDD]DY | (= 


rate, ATX, IYF 2 


2 


When the concentrations of X and Z are doubled and the concentration of Y is halved, the rate of the reaction 
l EPEE 

decreases to i the initial rate. 

There are several methods for using experimental data to determine the rate law for a process. These are the 


method of initial rates and the integrated rate equations. A third technique will also be introduced, in which a 
proposed reaction mechanism is used to write the rate law (see “Reaction Mechanisms,” page 206). 


Method of initial Rates 


The method of initial rates involves the use of initial concentrations and initial rates of a reaction to deduce its 
rate law and the value of its rate constant. As will be further discussed in Big Idea 6 (Chapter 6, “Chemical 
Equilibrium”), chemical reactions proceed both in the forward and in the reverse direction. Before any products 
have appeared, though, the reverse reaction can be neglected. When the initial rates of reactions are measured, 
the complication of the reverse reaction can be avoided. 


The initial rates of reaction and initial concentrations of reactants A, B, and C are measured experimentally and 
tabulated. 


A +3 B +2 C —> products 


Trial Initial Concentration of | Initial Concentration of | Initial Concentration of | Initial Rate of Reaction 
ro A Ma B me C mM Mer s”) 


0. F010 0. D S 0. 0.010 1.2 x | swe O 


— 0.010 0.024 0.010 
0.020 0.012 0.010 4.8 x 7 
0.010 0.012 0.020 1.2. 16° 


The reaction orders are determined first. Let the orders with respect to A, B, and C be x, y, and z, respectively. 


Begin by choosing two sets of data in which the concentration of only one of the reactants changes. Only the 
concentration of B changes between trials 1 and 2, so these trials can be chosen to determine y, the order with 
respect to B. A ratio is set up between the rate laws, and since the concentration of B is greater in trial 2 than it is 
in trial 1, it may be easier to put trial 2 in the numerator and trial 1 in the denominator. 
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rate, A[A}; [Bh [Cl 


2.410% K (QOt07* (0.0247 (0000F 
1.2x10° K (Oty (0.012) (DOO 
229) 
y=l 


The reaction is first order with respect to B. 


Between trials 1 and 3, only the concentration of A changes, so these trials can be used to determine x, the order 
with respect to A. 


rate, ALA]; [BB ICI 

rate, k[A];[BR [CK 
4.8x107 _ K(0.020)" OT O 
1.2x10° (0.010)* QOF (01 H0f 


4=2°* 


x=? 


The reaction is second order with respect to A. 


Finally, trials 1 and 4 can be used to determine the order with respect to C. 


rate, _ k[AĘIBĘICK 
rate, AA], [Bh ICh 
12x10 _ K (Q0tOY" (0027 (0.020)" 
1.2x10° K (QoOrOy* 0.0427" (0.010) 
1=2' 
z=0 


The order with respect to C is zero, so the rate is independent of the concentration of C. The rate law, therefore, 
has the general form 


rate = k{A]’[B] 
Any of the four trials can be chosen to find the rate constant. The data from the selected trial is used to solve the 
rate expression for k. The data from trial 1 is selected as an example. 


1.2x10°M-s! = k(0.010M Y (0.012M) 


-5 | 
es ra) MOS ith 
(0.010M) (0.012 Af ) 


In cases where there is not more than one trial in which the concentrations of one of the reagents is the same, 
solve for the order of that reagent last. 
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PRACTICE: 


The initial rates and concentrations for the reaction between C,H,N and CH,I at 25 °C are shown 
below. 


(a) What are the rate law and the value of the rate constant for this reaction? 


(b) What is the rate of the reaction in trial 3 when the concentration of C,H,N has decreased to 
7.60 x 10* M? 


C.H.N + CHII > [C,H,NCH,]* + T 


Trial Initial Concentration of Initial Concentration of Initial Rate of Reaction 
E] C.H.N —— = CH,I o (M-s”) 


a — [amx oO amx sd 10° 
E 11110 1.11 x 10° 9.24 x 10° 
LILX 10° 2.22 x 10% L85 x 107 


(a) The general form of the rate expression for this reaction is 
rate = k[C,H.N]*[CH,]] 


Since the concentration of C,H,N is the same in trials 2 and 3, these two trials can be used to determine the order 
with respect to CHLI. 


rate,  k[C;H;N FICHI} 


1.85x10* MST K (LL? MY (2.22x10° MY 
9.24x10° MST (Ld) (1.11x10° MY 
Jag 
y=l 


At this point, either of the other two combinations of trials (1 and 2 or | and 3) can be selected. Either choice 
will provide the correct order of the reaction with respect to C,H,N. 


rate, k{C;H;N]*[CH,I} 
185x104 MST KA.11x10° M)* (2.2210? M) 
1.03x10° MST (3.70x 107 MY (3.70x10* MY 
3=3* 
wel 


The rate expression is 
rate = k[C,H,N][CH,]] 
The value of k can be determined using the data from any of the three trials. Trial 1 is used as an example here. 


1.03x 10° M-s™ = k(3.70 x 10% M )(3.70 x10“ M ) 


1.03x10° M -s7 


a a O -1 ol 
~ (3.70 x10% M \(3.70x10%M) as 
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(b) From the one-to-one stoichiometry of the reaction, it is apparent that the rates of consumption of C,H,N 
and CH,I are equal. 


_AICJH;N]__ ACH, I] 


At bt 


The change in concentration of C,H.N is determined. 
A[C.H.N] = 7.60 x 104 M- 1.11 x 10° M = -3.50 x 104 M 
This change is equal to that of A[CH,]]. 
A[CH, 1] = [CH lena CH]; 
A[CH,]] = —3.50 x 10* M = [CHI]; — 2.22 x 10° M 
[CHI]; = —3.50 x 10° M — (-2.22 x 10° M) = 1.87 x 10° M 


Now the two final concentrations can be used in the rate law to determine the new rate. 


rate = k[C,H,N |[CH,I]= (75.2 M^ s- )(7.60 x10* M )(1.87x10° M )=1.07x10*M -s~ 


Integrated Rate Laws 


The integrated rate equation is used to determine how much of a certain reactant remains after a specific time t 
has elapsed. 


The integrated rate equations for first and second order reactions are shown on the AP Chemistry Equations and 
Constants sheet (pages 365-366), but they are not labeled as such. It is the student’s responsibility to know which 
equation corresponds to which reaction order. It is also in the student’s best interest to know the similar inte- 
grated rate law for zero order kinetics. 


Integrated rate laws may also be used to determine reaction half-life, ty, the time it takes for a quantity of a 


reactant to decrease by half. The half-life equation shown on the AP Chemistry Equations and Constants sheet is 
for a first order reaction. 


Zero Order Reactions 
For the zero order reaction 
A — products 
the rate is 
rate = A[AP =k 
The units of the rate constant must be M - s~, just like the rate itself. 


This rate is independent of the concentration of A. A plot of the concentration, [A], versus time, t, gives a 
Straight line. 


A Plot of |A] versus ¢ for a Zero Order Decay 


| Intercept = [A]o 


[A] | 
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The absolute value of the slope of the plot gives the rate constant, k, and the intercept gives the initial concentra- 
tion, [A],, of the reactant before any reaction time has elapsed. 


The integrated rate law of a zero order process, which relates the concentration of A at time #, [A],, to the initial 
concentration, [A], is not given on the AP Chemistry Equations and Constants sheet, but it is very likely to be 
important in AP Chemistry nonetheless. 


[A], — [A], = -kt 


The half-life of a zero order reaction can be determined by recognizing that when half of reactant A is consumed, 


_ [Alo 
[A], ~~ 7 


This value can be substituted into the integrated rate law to find the half-life. 


[A] 7 
> LAL = -kt 
le 2ra 
> ~51A] =—kty 
[A], _ 
ae =-kt, 
_ _[A} 
Ż 2k 


First Order Reactions and Nuclear Decay 


For the first order reaction 
A => products 
the rate is 
rate = k[A] 


A plot of [A] versus time, ¢, gives a curve and not a straight line. This shows that, unlike the rate of a zero order 
reaction, the rate of a first order reaction decreases as the reaction progresses. The rate of a first order reaction is 
concentration-dependent. The unit of the rate constant is s”. 


A Plot of [A] versus ¢ for a First Order Decay 


[A] | 


ro 
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The plot of the natural logarithm of [A] versus time gives a straight line. 


A Plot of In [A] versus ¢ for a First Order Decay 


‘Intercept = In [A] 


slope = —k 
In [A] : | 


t (s) | 


The absolute value of the slope of the plot gives the rate constant, k, and the intercept gives the natural log of the 
initial reactant concentration, In [A], before any reaction time has elapsed. 


The integrated rate law of a first order process is given on the AP Chemistry Equations and Constants sheet. 
Again, it is not labeled as such, so students must be able to recognize it. 


In [A], — In [A], = -kt 
The half-life of a first order reaction is again determined when the concentration of the reactant is half of the ini- 


tial concentration. Although the derivation of this equation is not necessary since it is also given on the AP 
Chemistry Equations and Constants sheet (pages 365-366), it is derived as shown below. 


ine —In[A], =—At 


, 
[A] 
7 eae 
In Al, = kt, 
l 
In( 5 )=-kty, 
0.693 ; 
k OD 


Second Order Reactions 


For the second order reaction 


A — products 
the rate is 
rate = kA[A] 


Again, the rate of a second order reaction decreases as the reaction progresses; it is concentration-dependent. The 
units of the rate constant are M"'- s7. 


The plot of [A] versus time for a second order process gives a straight line. 
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A Plot of In [AJ versus t for a Second Order Decay 


7 Intercept = ia 7 


t (s) 


The absolute value of the slope of the plot gives the rate constant, k, and the intercept gives the reciprocal of the 


initial reactant concentration, AT before any reaction time has elapsed. 
0 


The integrated rate law of a second order process is given on the AP Chemistry Equations and Constants sheet 
(pages 365-366), but it is not labeled as such, so students will need to recognize it. 


a en 
[A], [Al 


The half-life of a second order reaction is again determined when the concentration of the reactant is half of the 
initial concentration. 


l l 
(BL) “TAR 
2 
2 l 
[Ah [aL 5 
l 
KAL A 


Summary of Integrated Rate Laws 


The following table summarizes the integrated rate law for zero, first, and second order reaction rates. 


Differential Rate Units of Rate 
Reaction Order | Law Integrated Rate Law | Linear Plot Half-Life* Constant 


[A], 
t =— 
[A], - [Al = -kt M:s’ 
bom 0.693 
First rate = k[A] In [A], — In [A], = —At | In [A] versus ź ý k g” 
l l l l 
j a! = it ly = \ i 
Second rate = k[A]’ [Ale [DA], [A], versus t 2 k[A], M -S 


*Tip: Don’t be concerned with memorization of the half-life equations. It is only important to notice that zero 
and second order half-lives are concentration-dependent and that the half-life of a first order reaction is 
concentration-independent. In the unlikely event that an exam question asks for a half-life calculation for a 
zero order or second order reaction, simply use the method of setting the concentration of A at the half-life to 
half the initial concentration and solve for by as demonstrated in the text above. 
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PRACTICE: 


The decomposition of a reactant, X, occurs by the following reaction. 
X — products 


The reaction was monitored over the course of 10.0 hours at constant temperature and the data 
obtained is shown in the table below. The information is plotted in the graphs that follow. 


(a) What is the order of the reaction with respect to X? Justify your response. 
(b) Write the rate law for the reaction and calculate the specific rate constant with appropriate units. 


(c) Calculate the concentration of X after 14.0 hours have elapsed. 


foo foss [oo [27 


[X] 


In [X] 


Time (h) 


[X] 


Time (h) 


(a) The reaction is first order with respect to X. The plot of In [X] versus time produces a straight line. 


(b) The general form of the rate law for a reaction that is first order in X is 


rate = A[X] 
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The specific rate constant is given by the absolute value of the slope of the plot of In [X] versus time. Any two 
points can be chosen to determine the slope of the graph. 


ra ~ 0.400 h” 


10.0 — 0.0 


Since rate is reported in units of concentration per unit time, the rate constant must have units of h”. 


(c) The concentration of X after 14.0 hours have elapsed can be calculated using the equation for a first order 
reaction. 


In [X],4, — In [Xh =—At 
In [X],4, — In (0.368 M) =-(0.400 h™)(14.0 h) 
In [X],4, =—5.60 — 1.00 
[X]a, =e” =0.0014 M 


Reactions Between Multiple Reactants 


The integrated rate laws discussed so far have been for reactions involving single reactants. Many times, more 
than one reactant is required, and this complicates the measurement of the rate law. One way to handle the prob- 
lem is by using conditions in which one reagent is so much less concentrated than the others that it experiences a 
substantially greater change in concentration as the reaction proceeds. The concentration of the other reactant 
changes So little that it is approximately constant. 


For visualization purposes, imagine a “reaction” occurs between a grain of rice and a small glass bead. Now, 
imagine that there is a 2-liter container filled with rice grains (an estimated 126,000 grains) and 126 glass beads. 
The number of rice grains is 1000 times greater than the number of beads. 


Rice grain + Glass bead > Imaginary product 


R+G—P 
When 63 of the glass beads have reacted, the “concentration” of beads has decreased by half. A decrease of 63 


rice grains, however, still leaves approximately 126,000 grains of rice (rounded to three significant figures). The 
rate law for this reaction is 


rate = A[R]'[G) 
Since the concentration of R appears to be constant, the product, k’, of [R] and k appears constant as well. 
k = kR] 
The rate law can be rewritten 
rate = k’ [GP 


Now, the concentration of G can be measured experimentally as a function of time and the order with respect 
to G can be determined using the integrated rate law method. The slope of the plot of [G], In [G], or GI versus 
time gives k’ rather than k. 
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PRACTICE: 


Bromophenol blue is an acid-base indicator that is blue in basic solution. Upon prolonged exposure to 
alkaline conditions, the blue molecule fades to a colorless form. Two solutions of 1.00 x 10° 

M bromophenol blue (BB) in 1.00 and 0.500 M hydroxide (OH ), respectively, are monitored 
spectrophotometrically. The concentrations at various times are tabulated below. Note that although 
students are required to understand these concepts in order to do well on the AP Chemistry exam, 
generation of these plots is more likely to be an AP Chemistry laboratory or classroom requirement. 


Determine the rate law for the fading of bromophenol blue in hydroxide by 
(a) finding the order with respect to BB. 
(b) finding the apparent rate constant, k’, for the fading in 1.00 MOH. 


(c) finding the apparent rate constant for the fading in 0.500 MOH. 


(d) using the apparent rate constants to determine the order with respect to OH . 


O7 (0 
Br Br Br Br 
+ OHF —— > OH 
cm Br 
OSO, O~ 
Br 


Blue Colorless 


0.500 M OH Solution 
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(a) The order of the reaction with respect to BB can be determined using either set of data. Three plots are 
generated from the chosen data set. The concentration, [BB], versus time, In [BB] versus time, and [BB] ' versus 
time are plotted. The order is determined by the plot that gives a straight line. 


Using the 1.00 M OH data, the straight line plot is obtained when In [BB] is plotted versus time. The reaction is, 
therefore, first order in [BB]. 


1.20E-03 | | | | E —6.5 i | | 


1.00E-03 & -6.7 a a | 
BOE In [BB] = -0.06937 ~ 6.91 


6.00E-04 | 
4.00E-04 | 
2.00E-04 | 


0.00E+00 `: 
0 


[BB] 


0 5 10 15 20 25 
t (min) 


(b) The apparent rate constant for the fading of BB in 1.00 M OH is the absolute value of the slope of the plot 
of In [BB] versus time. 
rate = k’[BB] 


where the slope of the line is given in the equation of the line on the plot. 
k = k{OH F = |slope| = 0.0693 min” 


(c) The apparent rate constant for the fading of BB in 0.500 M OH is the absolute value of the slope of the plot 
of In [BB] versus time. 


In [BB] 


5 10 15 20 25 
t (min) 


rate = k’ [BB] 


where 
k = kOH F = |slope| = 0.0348 min” 

(d) There are two equations for k’ at two different concentrations of OH’. 
For [OH] = 1.00 M, 

k{OH T = 0.0693 min™ = k[1.00]* 
For [OH] = 0.500 M, 

k[OH } = 0.0348 min` = k[0.500]* 
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The ratio of the rate constants can be used to determine the order, x, with respect to OH . 


0.0693 min  —K[1.00]" 
0.0348 min? K10.5007 
1.99 =2* 

x=1 


Nuclear Reactions 


Nuclear decay, or radioactive decay, is an important example of a first order process. In a nuclear decay, sub- 
atomic particles are emitted from the nucleus of an atom with a concurrent release of large amounts of energy 
and a change in the identity of the element. 


The only nuclear chemistry included in the recent changes to the AP Chemistry curriculum is in the context of 
the kinetics of radioactive decay. Radioactive decay is always first order. Furthermore, nuclear reactions are unaf- 
fected by temperature, pressure, or catalysts. The first order form of the integrated rate law and the first order 
half-life equation are sufficient for solving nuclear decay problems. 


PRACTICE: 


The half-life of iodine-131 is 8.02 days. Predict the percentage of a sample of iodine-131 that will 


remain after 21.2 days. 


The rate constant for this first order process can be calculated from the half-life. 


0.693 


= —_——_= 0.0864 day” 
8.02 days 


Let A, represent the initial amount of iodine-131. Before any time has elapsed, the sample is assumed to be 100% 
iodine-131, so A, = 1. Let A represent the fraction that remains after 21.2 days. The first order integrated rate law 
equation can be solved for A. 


In A -ln A, = -kt 


In A —In 1=-(0.0864 day” )(21.2 day’) 
In A =-1.83 
A =e" = 0.160 


The fraction that remains after 21.2 days is 0.160 or 16.0%. 


Collision Theory 


In order for two molecules to react with one another to form a product, the molecules must collide. Collisions 
between particles, however, do not guarantee that a reaction will occur. In order for a collision to successfully 
result in a reaction, two minimum conditions must be met: 


1. The collision between the particles must have energy greater than or equal to the activation energy in order for 
the reaction to occur. The activation energy, E, is a potential energy barrier that the reactants must overcome 
to achieve the necessary transition state, the high-energy arrangement of atoms in which bond breaking and/ 
or bond formation occurs. The lower the activation energy of a reaction, the faster the rate of the reaction. 
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Transition 


Potential Energy 


Reaction Coordinate 


Just as it takes more energy to jump over a high hurdle than a short one, it takes more energy for reactants 
to overcome a higher activation barrier. The higher the kinetic energy of the reacting particles, the higher 
the likelihood that a collision between the two particles will lead to a reaction. 


2. The reactants must collide with an effective orientation. 


Consider the reaction between HI molecules and Cl atoms in the gas phase. 
HI + Cl> HCI +I 


The reaction can only occur if the chlorine collides with the hydrogen. If the iodine is oriented toward the 
colliding chlorine atom, the collision will be ineffective and no reaction will occur. 
Effective Orientation of Reactants During Collisions 


Correct orientation during collision results in reaction. 


HI + Cl 


Incorrect orientation during collision results in no reaction. 


o-+ & 
-~ @-.: 


Cl + HI 


+ HI 


PRACTICE: 


Explain in terms of collision theory how an increase in temperature leads to an increase in the rate of 


a reaction. 
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The higher the temperature of a reaction mixture, the higher the average kinetic energy of the particles. The 
higher the kinetic energy, the greater the frequency of collisions that have the correct molecular orientation and 
that are sufficiently energetic to overcome the activation barrier for the reaction. At higher temperature, the reac- 
tion rate will increase. 


Reaction Mechanisms 


Most chemical reactions occur by a process that involves more than one step. This is why the rate law cannot be 
deduced from the stoichiometric coefficients of a balanced equation. A reaction mechanism is a step-by-step 
sequence of bond breaking, bond formation, and other transformations that result in an overall reaction. 

A reaction mechanism is made up of steps showing colliding or decomposing particles. These steps are called ele- 
mentary reactions. The stoichiometric coefficients for an elementary reaction determine the rate law of that step. 


An elementary step in which one reactant decomposes to products is a unimolecular step. An elementary step in 
which two reactants collide and react is a bimolecular step. Termolecular steps, those in which three reactants 
simultaneously collide and react, are extremely unlikely. 


Possible Rate Law(s) for the 
Molecularity Elementary Step Elementary Step 


Bimolecular A +A > products Rate = k[A]’ 
A + B —> products Rate = A[A][B] 
Termolecular A + A + A > products Rate = k[AŤ 


A + A + B —> products Rate = k[A][B] 
A + B + C > products Rate = k[A][B][C] 


Imagine a hypothetical reaction between reactants A and B to form a product, E. 


2A+BO2E 


The reaction between A and B below might occur in the following series of elementary steps. 


AtA OC 
B+C+4D 
DO E+t+E 


These elementary steps can be “added” together to give the overall equation. 


A+A >Z 
B+ >D 
BoE+E 


Species C and D, which are produced in an earlier elementary step and then consumed later in the mechanism, 
are called reaction intermediates. 


The rate of an overall reaction is determined by the rate of the slowest step in the process. The slowest step, for 
this reason, is called the rate-determining step. Visualize an assembly line in which three workers are assembling 
bicycles. Worker 1 attaches the fork and handlebars to the frame of the bicycle, worker 2 assembles the wheels 
and gears, and worker 3 attaches the seat. Suppose that the task of worker 2 is the most difficult and takes the 
longest amount of time. The bicycles can be produced only as fast as worker 2 can perform the task. The assem- 
bly of the wheels and gears is the rate-determining step. 
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The rate-determining step has the highest activation energy of any step in a reaction mechanism. The reaction 
profile for a hypothetical multistep process is shown below. This process is a three-step reaction with three transi- 
tion states (activated complexes) and two intermediates. 


Reaction Profile for a Three-Step Reaction 


TS = transition state 
TS2 Int = intermediate 
E, for the rate-determining (slow) 
step in the forward direction 


> 

eu TS 1 

2 

i TS 3 

E E, 

= (fast f 

v step) i Waaa 

© nt E 

a eet. - = F-  - (fast step) Products 


Reactants 


Reaction Coordinate 
For a hypothetical reaction mechanism, the rate law is determined by the slow step. 
A + A > C (slow) 


B + C —> D (fast) 
D > E+ E (fast) 
The rate law for the overall transformation is based on the stoichiometry of the slow step. 
rate = k[A] 


The mechanisms for overall reactions can be very difficult to elucidate experimentally. A rate law is determined 
for an overall process using either the method of initial rates or measurement of change in amounts of reactants 
and products with time. A proposed mechanism must be consistent with the observed rate law. 


PRACTICE: 
2 NO + Br, — 2 NOBr 


The rate law for the reaction shown above between NO and Br, is determined experimentally to be 
rate = k[NO][Br,] 


Which mechanism, A or B, is consistent with this rate law? 


Mechanism A: NO + NO > N,O, (slow) 
N,O, +Br,— NOBr+NOBr (fast) 

Mechanism B: NO + Br, > NOBr, (slow) 
NO + NOBr,— NOBr+ NOBr (fast) 
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Mechanism B is consistent with the observed rate law. The rate law based on the slow step of mechanism B is the 
one that is observed. The rate law based on the slow step of mechanism A, on the other hand, is 


rate = kINO/ 


In some cases, the rate-determining step is not the first step. Whenever this is the case at the AP Chemistry level, 
the elementary reactions that precede the slow step are fast equilibria. Equilibrium, as will be reviewed in 

Big Idea 6 (Chapter 6, “Chemical Equilibrium”), describes the condition in which the rate of a reaction in the 
forward direction is equal to the rate of the reverse reaction. It is designated with an equilibrium arrow, —. 


Consider the following mechanism in which the first step is a fast equilibrium reaction. 


k 
ky 


A+A B (fast) 


B+C es D (slow) 


The rate constant for the first step in the forward direction is written k,, and the rate constant for the first step in 
the reverse direction is k_,. The rate law based on the slow step is 


rate = k,[B][C] 


but there is a problem. Intermediates do not generally appear in the rate law at the AP Chemistry level. This issue 
is easily solved by recognizing that the forward rate of the first reaction is equal to the reverse rate. 


rate, = rate_, 
kA} = k_[B] 


Now, [B] can be calculated and substituted into the solution into the rate law that was written based on the slow 
Step. 


_ kK IAT 
kı 


[B] 


rate = k, (Atc 
k 


-l 


The product of the constants k, - k, - L is the apparent rate constant, k, observed in rate experiments. The over- 
all rate law is -1 


rate = k[A][C] 
PRACTICE: 
Chlorine reacts with chloroform to generate carbon tetrachloride and hydrogen chloride. 


Cl, + CHCI, > CCl, + HCl 


The proposed mechanism follows. Based on this mechanism, determine the rate law for the reaction. 


k 
Cl, 7 2 Cl (fast, equilibrium) 


k 
Cl+CHCl,—25 HCI+CCl, (slow) 
k 
CCl, +Cl —+> CCl, (fast) 
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The overall rate of the reaction is based on the slow step. 
rate = k,[Cl][CHC1,] 


For the first step in the mechanism, the rates of the forward and reverse steps are equal since the reaction is at 
equilibrium. 


rate, = rate_, 
k[Cl] = k_{Cl? 


Since the chlorine atom is an intermediate, it should not be included in the rate law. 


_( &[C1,])? 
orf 


-1 


l 
2 
rate =k, Con [CHC1,] 
-1 


2 1 
rate =k, (4) [C1, 7 [CHC1,] 


-1 


1 
rate = k '[C1, P [CHC1,] 


The Transition State 


The transition state, or activated complex, is the highest-energy configuration that a group of atoms must achieve 
in order to break or form bonds. Along the reaction coordinate, it is the state that is achieved by colliding mole- 
cules with sufficient activation energy and correct orientation. At this point, bonds are at the process of breaking 
or forming, so they are longer and weaker than regular covalent bonds. 


CH,Br + OH > CH,OH + Br“ 


In the exothermic reaction with methyl bromide, CH,Br, hydroxide, OH, collides with the carbon atom on the 
side opposite the bromine. When the collision occurs with sufficient energy to overcome the activation barrier, the 
C-Br bond breaks as the C-O bond forms. The dotted bonds in the activated complex indicate partially formed or 
partially broken bonds. 


The Transition State 


| Transistion state or 
` | activated complex 


Reactants 


Energy 


Products 


Reaction Coordinate 
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Temperature and Reaction Rate 


As temperature increases, reaction rate increases because more reactant molecules collide more frequently with a 
favorable orientation for reaction and with sufficient energy to overcome the activation barrier. In other words, 
the rate constant, k, is temperature-dependent. The Arrhenius equation is an expression that relates the rate con- 
stant for a reaction to the temperature. Calculations involving the Arrhenius equation have been excluded from 
the AP Chemistry curriculum, but an understanding of the implications and graphical results is explicitly 
required. 


The Arrhenius equation relates k to the pre-exponential factor, 4, which gives the frequency with which collisions 
occur with the proper orientation for a reaction. As temperature increases, the fraction of molecules with the 


E, 
minimum critical activation energy increases exponentially as a function of e RT, where E, is the activation 
energy, R is the gas constant, 8.314 J - mol’ - K`, and T is the temperature in kelvin. 


The Arrhenius equation has the form 


Taking the natural log of both sides gives 


, ; l : 
When the rate constants for a reaction are measured at different temperatures, a plot of In k versus T results in a 


straight line with a slope of -2e 


A Plot of In [A[ versus T~ for a Reaction 


| Intercept =InA | 


Ink | 


PRACTICE: 


The plot below shows Arrhenius plots for two reactions, A and B. Which reaction has a higher 
activation energy? 
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iS 


Reaction A has a higher activation energy. The steeper slope of plot A shows that the magnitude of 
larger than it is for B. 


Catalysts 


A catalyst is a substance that increases the rate of a reaction by providing an alternative transition state with a 
lower activation energy than that of the uncatalyzed reaction. The effect of a catalyst on reaction rate in the for- 
ward direction is shown below. The rates of the forward and reverse reactions are both increased. 


The General Effect of a Catalyst on Activation Energy 


E, uncatalyzed 


| E, catalyzed 


Energy 


Reaction Coordinate 


In a reaction mechanism, a catalyst is a substance that is used in an early step and regenerated in a later step. 
Since a catalyst is regenerated in the mechanism, it can react again and again. For this reason, only a small (sub- 
stoichiometric, or less than stoichiometric) amount is usually necessary to increase the rate of a reaction. A cata- 
lyst will not change the thermodynamics of a reaction or the position of equilibrium (how far a reaction will 
proceed before the forward and reverse rates equalize). 


For an overall reaction, a catalyst is shown above the reaction arrow. 


A+B catalyst AB 
The mechanism for this reaction, in which C is the catalyst, might be 


A +C > AC 
AC+B—=AB+C 


In this example, the catalyst, C, is the substance that is used in the first step and regenerated in the second step, 
and the intermediate, AC, is generated and subsequently consumed. It is common for the catalyst to appear in the 
rate law for a reaction. 


The energy of a catalyzed transformation can be compared with the energy of an uncatalyzed reaction. Notice 
that the { symbol in the figure that follows indicates a transition state. 
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The Effect of a Catalyst on a Reaction Mechanism 


[A---B]* Uncatalyzed transition state 


Catalyzed transition states 


Energy 


Intermediate 


A+B 
Reactants 


AB 
Products 


Reaction Coordinate 


The activation energies for the formation of the intermediate and the product are lower than that of the uncata- 
lyzed process. The decreased activation barrier increases the rate. 


The two major catalyst classifications are homogeneous and heterogeneous catalysts. A homogeneous catalyst is 
in the same phase or physical state as the reactants and a heterogeneous catalyst is in a different phase than the 
reactants. Examples of homogeneous catalysts include acids, bases, and enzymes in solution. Catalytic converters 
in cars, in which solid catalysts speed conversion of unburned gaseous fuel, carbon monoxide, and nitrogen 
oxides to carbon dioxide, water, and nitrogen, are heterogeneous catalysts. 


Acid-Base Catalysis 


Acid-base catalysis can be homogeneous or heterogeneous catalysis. In an acid- or base-catalyzed reaction, the rate is 
increased by transfer of proton, H*, to or from a reactant. An example is the acid-catalyzed hydration of an alkene. 


Acid-Catalyzed Hydration of an Alkene 


H H H H H 
o H* Mf 7 
C=C + MWO ———» H—C—C—O:; 
\ / \ 
H H H H 
The rate of the reaction of an alkene with water is increased when the alkene is activated by a proton. This results in 
a positively charged intermediate that reacts quickly with water in the second step of the mechanism. Regeneration 
of the proton in the third step leads to the alcohol product. Notice that there is no net consumption or production 
of H” in the reaction. (Since H* is both consumed in the first step and regenerated in the last step, they cancel.) 
C,H, + H* > C,H, 
C,H,” + H,O > C,H,O* 
C,H,O* > C,H,O + H* 


Enzyme Catalysis 


Enzymes are catalysts that occur in biological systems. Enzyme catalysis is homogeneous catalysis, which usually 
occurs under mild conditions in an aqueous solution like intracellular fluid. Enzymes are usually composed 
mostly of proteins, which are biopolymers of amino acids. Intermolecular forces within the protein hold the large 
molecule in a defined three-dimensional reactive shape. 
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Enzymes have reactive sites that bind to specific reactants, which are called substrates. The reacting substrates are 
bound in a favorable geometric orientation and modified to make reaction faster. Once the product is formed, it 
is released from the enzyme into the solution. 


Enzyme Catalysis 
Enzyme changes shape Products 
Substrate slightly as substrate binds a 


( Pa site 
o> 


‘al 


> > 


Substrate entering Enzyme/substrate Enzyme/products Products leaving 
active site of enzyme complex complex active site of enzyme 


It is important to note that both the forward and the reverse reaction rates are increased by an enzyme. Consider 
the enzyme carbonic anhydrase. Carbon dioxide, CO,, is a product of cellular respiration. Addition of water 
(referred to as hydration) to CO, is necessary in order for CO, to be transported from the cells to the lungs via the 
circulatory system, since CO, is insoluble in aqueous solution and H,CO,, the hydrated form, is soluble. The 
uncatalyzed hydration is too slow to remove the CO, efficiently. Carbonic anhydrase increases the rate of the 
reaction. Once the hydrated CO, reaches the lungs, the reverse reaction is catalyzed, in which H,CO, is converted 
back to CO,. Carbonic anhydrase is responsible for increasing the rate of both the forward and the reverse reac- 
tions. The double reaction arrow indicates reversibility. 


CO, + H,O = H,CO, 


Heterogeneous Catalysis 


A heterogeneous catalyst is in a different phase or physical state than the reactants. There are many practical 
examples of heterogeneous catalysts, such as the catalytic converters in cars and the polymerization of propene 
(also known as propylene) to form polypropylene. 


The process of heterogeneous catalysis begins with the adsorption of the reactant to the catalyst. Adsorption 
refers to the binding of reactant molecules to the surface of the catalyst. The second step in heterogeneous cataly- 
Sis is activation of the adsorbed reactants. The reaction then occurs while the activated reactant is adsorbed, and 
the activation energy is lower than that of the uncatalyzed process. Finally, the product molecule undergoes 
desorption, or release from the surface of the catalyst. 


An example of heterogeneous catalysis is used in the production of ammonia from hydrogen and nitrogen gases. 
This reaction is carried out at very high temperatures in the presence of a solid iron catalyst. The hydrogen and 
nitrogen adsorb to the iron surface and their bonds break. New bonds between hydrogen and nitrogen form on 
the surface and the resulting ammonia is released. 


Heterogenous Catalysis 


N, and H; adsorb a) i} : New N-H bounds 
to the iron surface. di i form and NH; is 
The N==N and H-H 
bonds break. 


released from the 
surface of the 


= w uO Ww a ear a ‘a —— ww wE gS wí 
Fa d dd 4 4 4 4 4 4 4 4 4 catalyst. 
daadaa d d d d aa 
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Review Questions 


Multiple Choice 


1. 


214 


Dinitrogen pentoxide decomposes to form dinitrogen tetroxide and oxygen gas. 


2 N,O, >2N,0,+ O, 


In an experiment at 45 °C, the concentration of N,O, decreases from 0.0200 M to 0.0071 M in 0.10 second. 
What is the average rate of formation of O, during this time period? 


A. 1.29x10°M-s' 
B. 645x10°M-s 
C. 1.29x10'M-s'! 
D. 2.58x10'M-s 


When the kinetics of the reaction 2 HI > H, + I, are studied using the method of initial rates, the 
following data is obtained. What is the rate law for the reaction? 


Initial Rate of Formation 
Trial [HI], (M) of L (M-s") 


0.010 4.0 x 10° 


0.020 1.6 x 10° 
0.030 3.6 x 10° 


rate =k 

rate = k[HI] 
rate = A[HI/’ 
rate = A[HT]”” 


SAW > 


Which of the following reactions is least likely to be an elementary step in a reaction mechanism? 


A. A—>B 

B. 2A—>B 

C. A+BOC 
D. 2A+BOC 


The reaction A — B is zero order. When [A], = 0.25 M, the initial rate of the reaction is found to be 
0.40 M - s. What is the expected initial rate when [A], = 0.75 M? 


A. 0.28 M-s” 
B. 0.40 M-s” 
C. 1.2M-s” 
D. 3.6M- s? 


A researcher is searching for a set of conditions that would cause an increase in the rate of a desired 
reaction. An increase in which of the following is NOT expected to increase the rate of a reaction? 


A. Reactant concentration 

B. Surface area of a reactant 

C. Activation energy of the reaction 
D. Temperature of the reaction 
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The nuclear decay of sulfur-35 was monitored and plotted below. Use this data to answer questions 6-8. 


10. 


35S Decay 


Disintegrations 


0 10 20 30 40 50 60 70 80 90 100110120 130140 150 160170 180 190200 210 220 230 240 250 260 270 280 
Time (days) 


What is the approximate half-life for the decay of sulfur-35? 


A. 44days 
B. 87 days 
C. 130 days 
D. 260 days 


What is the rate constant for the decay of sulfur-35? 


A. 0.004 day” 
B. 0.008 day” 
C. 0.04 day” 
D. 0.08 day” 


A pure sample of sulfur-35 has a mass of 2.00 grams. How much will remain after 348 days? 


A. 0.125 gram 
B. 0.250 gram 
C. 0.500 gram 
D. 1.00 gram 


The rate of a particular chemical reaction at 320 K is found to be four times faster than the rate of the 
same reaction at temperature, T. What is the likely value of T? 


A. OK 

B. 273K 
C. 300K 
D. 350K 


An oxidoreductase is an enzyme that catalyzes redox reactions. Which reaction below is likely to be faster 
in the presence of an oxidoreductase? 


P,O,“ + H,O > 2 HPO,” 
CO, + H,O > H,CO, 
2 H,O, > 2 H,O + O, 
C,H,O, + H,O > C,H,0, 


SOM pe 
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11. A proposed mechanism for the reaction of nitrogen monoxide with bromine is: 


ky 
k 


2 NO N,O, (fast) 


k 
N,0O,+Br, —*> 2NOBr_ (Slow) 


Which rate law is consistent with this mechanism? 


A. k[NOJT[Br,] 
B. &[NOJ][Br,] 
C. kINOsS 

D.  &{Br,] 


12. The concentration of a reactant, A, in a zero order reaction is plotted as a function of time. Which of the 
following graphs results? 


A. | 


time time 


13. Which is necessarily true of the reaction represented by the energy profile below? 


Energy 


Reaction Coordinate 


The reaction mechanism has a single transition state and two intermediates. 
The reaction mechanism has two catalysts and two intermediates. 

The reaction mechanism has two transition states and one intermediate. 
The reaction mechanism has two catalysts and no intermediates. 


SOM pS 
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14. 


The reaction mechanism below takes place in aqueous solution. The role of H,O* in the reaction is best 
described as that of a(n) 
C,H,O + H,O* > C,H,O* + H,O 
C,H,O* + C,H,O > C,,H,,0," 
C,;H,,0,” a H,O > C,,H,,0, a H,0° 


A. heterogeneous catalyst 
B. acid catalyst 

C. intermediate 

D. reactant 


Molecules of X decompose to form Y and Z in a certain chemical reaction. The rate of this reaction was studied at 
200 °C, and the data that were obtained were plotted. Use this information to answer questions 15—17. 


15. 


16. 


17. 


X>Y+Z 
0.018 e -4.00 —— 
o0. (0, —4.09) 
0.016 Re, OCS) —4.20 | aed | 
0.014 _ -4.40 | 
SZ 0.012 Z. —4.60 | 
0.010 | t ™ —4.80 } f | 6210, —4.99) 
0.008 | OSa. -5.00 | | [Erisa | 
0.006 + | J —5.20 | | 
O 1000 2000 3000 4000 5000 6000 7000 O 1000 2000 3000 4000 5000 6000 7000 
Time (s) Time (s) 
160 | 
140 
120 
~ 100 
a 
40 (0, 60.0) 
20 | SS S C a 
ne 1 A 
O 1000 2000 3000 4000 5000 6000 7000 
Time (s) 
Doubling the concentration of X will the rate of the reaction. 
A. have no effect on 
B. double 
C. triple 
D. quadruple 
The magnitude of the rate constant for this reaction is approximately at this temperature. 
A. 2.0x 10° 
B. 1.6 x 107 
C. 1.4x10° 
D. 6.7x10' 


The rate constant of this reaction has units of 


A. mol: L- s” 
B. L-mol'- s” 
C s 

D. L?-mol?-s" 
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18. The rate law for a reaction is rate = k[A]’. The magnitude rate constant is 1.0 x 10° at 25 °C. If the initial 
concentration of reactant A is 4.0 M, what is the expected concentration after 250 s? 


A. 0M 

B. 0.25 M 
C. 0.50 M 
D. 20M 


19. Propene, C,H,, undergoes an addition reaction with HCI according to the following equation. 


C,H, + HCI > C,H.Cl 


At a certain temperature, the method of initial rates was used to determine the rate expression for this 
reaction. The following initial rate data was collected. 


Initial Rate of Formation of 
Trial | [CHJ], (M) [HCI], (M) C,H,CI (M : s”) 


0.010 0.010 5.0 x 10° 


0.010 0.020 4.0 x 107 
0.020 0.010 1.0 x 107 


The rate law for the addition of HCl to C,H, is rate = 


A.  k[C,H J HCI] 
B.  k[C,H JHC] 
C. kA{C,HJ[HCI) 
D. A{C,H (HCI? 


20. Select the reaction energy profile that corresponds to the slowest reaction. All reaction coordinates proceed 
from reactants on the left to products on the right. 


A. 100 B. 100 


Energy (kJ) 
Energy (kJ) 


© 
© 


Reaction Coordinate Reaction Coordinate 


O 
— 
© 
=) 
= 
—" 
© 
=; 


Energy (kJ) 
Energy (kJ) 


© 
© 


Reaction Coordinate Reaction Coordinate 
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Long Free Response 


1. At 2000 K, cyclopropane rearranges to form propene with a specific rate constant of 1.24 x 10° s7. 


H 
| 
H~ H 
C 
S H C H 
P ae — ka 
H H 
H 
Cyclopropane Propene 


a. Is this reaction relatively fast or slow at 2000 K? Briefly describe your reasoning. 
What is the order of the reaction with respect to cyclopropane? How do you know? 

c. If the initial mass of cyclopropane is 2.00 grams and no propene is initially present, how long will it 
take for the mass of propene to reach 1.00 gram? 


d. At 500 K, the rate of this reaction increases in the presence of boron trichloride, BC1,, but BCI, is not 
consumed. 
i. What is the likely role of BCI, in the reaction? 
ii. On a single plot, sketch energy profiles for the reactions in the presence and the absence of BCI, at 
500 K. Label products, reactants, axes, and activation energies. Clearly indicate which reaction is 
taking place in the presence of BCl,. The reaction is exothermic. 
e. The rate constant of the uncatalyzed reaction was measured at various temperatures and used to 
generate the plot shown below. What is the activation energy of the uncatalyzed formation of propene 
from cyclopropane? Include units in your response. (Temperatures are in Kelvin.) 


5 
0 (OOLLL, 1.33) 


—20 
(0.00167, —19.53) 
SL] 
0.001 0.0011 0.0012 0.0013 0.0014 0.0015 0.0016 0.0017 
1/T 


Short Free Response 


2. The following reaction occurs at 1000 K. It is a second order process. When equilibrium has been 
established, the concentrations of products are greater than the concentration of the reactants. 


2 A(g) = 2 B(g) + C(e) 


a. Sketch a graph that shows how the concentrations of products and reactants change with time when 
pure A is placed in a piston with a fixed volume. Be sure to label both axes and indicate which 
concentration each curve represents. 

b. What would be the effect of running the reaction with the same initial mass of A, but increasing the 
volume of the piston at constant temperature? Explain your answer. 

c. What would be the effect of decreasing the temperature of the reaction on the rate at constant 
volume? Support your answer with a discussion of activation energy and a plot of number of 
molecules versus energy. Make sure to label the high temperature and low temperature curves. 
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3. An atmospheric researcher would like to investigate a reaction that is expected to occur by the following 
mechanism. 


O,—0,+0 (fast) 
O+0,->20, (slow) 


a. Write the overall reaction based on this mechanism. When the rate of disappearance of O, is 
2.0 x 10° M-s", what is the rate of appearance of O,? 
What is the rate law for this reaction if it proceeds by the mechanism shown? 


c. What two factors determine whether a reaction will occur between a molecule of O, and an O atom 
by this mechanism? 


d. Chlorine atoms in the atmosphere catalyze this reaction. What effect would the catalyst have on the 
rate? Explain your answer in terms of activation energy. 


Answers and Explanations 


Multiple Choice 
1. B. (EK 4.A.1) The relationship between the rates of N,O, consumption and O, production are given by the 
expression 


rate = = 645x107 M -s7 


A[O,]__1 Goes |- (200m M — 0.0200 m) 0.0129 
A 


2 Ar 2 0.10 s 0.20 


2. C. (EK 4.A.2) The general form of the rate law is 
rate = A[HI]* 


Any two of the trials can be chosen to determine the order with respect to HI. Using trial 2 and trial 1 as 
an example, 


rate, K | [HI], 
1.6x10> (oo 


rate, _ K ka } 


4.0x10° \0.010 
4=2* 
vE 


3. D. (EK 4.B.1) Trimolecular collisions, those in which three molecules collide simultaneously, are 
exceedingly rare. The simultaneous collision between two molecules of A and one molecule of B 
(choice D) is a trimolecular step, while the other choices depict unimolecular and bimolecular steps. The 
trimolecular step is least likely to occur in a reaction mechanism. 


4. B. (EK 4.A.1, 4.A.2) In a zero order reaction, the rate is independent of reactant concentration. The initial 
rate when the concentration of reactant is 0.25 M is the same as when the initial concentration is 0.75 M; 
therefore, choice B, 0.40 M-s™}, is correct. 


5. C. (EK 4.A.1, 4.B.2) An increase in the activation energy of a reaction would slow the reaction rather than 
speed it up. At a given temperature, fewer molecules would have sufficient energy to overcome a higher 
activation energy barrier than a lower activation barrier. 


6. B. (EK 4.A.3) Half-life is the amount of time it takes for the initial number of disintegrations to decrease 
by half. The time it takes for the initial number of disintegrations, 100, to decrease to 50 is between 85 and 
90 days according to the graph. The best choice is 87 days. 
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B. (EK 4.A.3) This reaction is first order because all nuclear decay processes occur with first order kinetics. 
The relationship between half-life for a first order decay and the rate constant is given on the AP Chemistry 
Equations and Constants sheet (pages 365-366). 


fe 0.693 
Ak 
: 0.693 z 0.693 > 0.7 — 0.008 day” 
ty, 87 days 90 


A. (EK 4.A.3) The easiest way to approach this problem is to recognize that 348 days corresponds to four 
half-lives (87 days x 4 = 348 days). After the first half-life, the number of grams of sulfur-35 has decreased 
to 1.00 gram. After two half-lives, the amount has decreased to 0.500 gram. After three half-lives, the 
amount has decreased to 0.250 gram, and after four half-lives, the amount has decreased to 0.125 gram. 


C. (EK 4.B.2, 4.B.3) For many chemical reactions near room temperature, a 10-kelvin increase in 
temperature results in a twofold increase in the rate of a reaction. Since the reaction rate has quadrupled, 
this means that a temperature of 320 K must be 20 kelvins higher than the previous temperature. 


C. (EK 4.D.2) A catalyst such as an enzyme increases the rate of a reaction, so an oxidoreductase increases 
the rate of a redox reaction. The only redox reaction in the answer choices is the decomposition of H,O,. 
The oxidation number of hydrogen decreases from +1 to zero, and the oxidation number of oxygen 
increases from —1 to zero. 


A. (EK 4.B.1, 4.C.2, 4.C.3, 4.C.4) The rate law based on the slow step is 
rate = k,[N,O,][Br,] 
Since N,O, is an intermediate, however, it is not included in the rate law. 
The rate of the first step in the forward direction is equal to the rate in the reverse direction. 
k [NOP = k_[N,O,] 


Solving for the intermediate results in 


k [NOF 
[N,0,]= == 
= 
Substitution into the rate law gives 
2 
PERAE k [NOT [Br] 
k 


rate = k[NOF [Br] 


A. (EK 4.A.2) A plot of concentration versus time for a zero order reaction results in a straight line with a 
negative slope. The concentration of A decreases steadily, but the rate of the reaction does not change. 
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13. C. (EK 4.B.3, 4.C.3) The energy profile shows two transition states and one intermediate, as labeled in the 
plot below. The transition states are at the energy maxima, and the intermediate is at an energy minimum 
between the two transition states. 


2 transition 
states 


Energy 


l intermediate 


Reaction Coordinate 


14. B. (EK 4.D.1, 4.D.2) The H,O* reacts in the first step and is regenerated in a subsequent step, so it is a 
catalyst in this mechanism. It activates the reactant by donating a proton, so it is specifically an acid 
catalyst. 


15. D. (EK 4.A.2) The plot of [XJ versus time is linear, so the rate is second order with respect to X. 
rate = k[XŤ 


If the concentration of X is doubled, the rate will increase by a factor of 4. 


rate, _ Kx Px)” 


rate, K par 


rate, _72 


rate, 
rate, = 4x rate, 


16. C. (EK 4.A.3) The slope of the plot of [X]" versus time provides the rate constant, k. The slope can be 
approximated 


= 1 
e a 2c eo a a 
ATX] 6210-0 6210 6 10° 2 


The closest response is 1.4 x 10°, which is the calculator result. 


17. B. (EK 4.A.3) The rate constant must have units that can be multiplied by the square of the concentration 
to result in units of rate, M-s', or mol: L - s7. 


L.-s L 
Z 
mol L ae 
K-s mol? mol-s 
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18. D. (EK 4.A.2, 4.A.3) The relationship between initial concentration and concentration at time, t, for a 
second order reaction is given on the 4P Chemistry Equations and Constants sheet (pages 365-366). 


ENE 
[A] [A] 
a go x10" M.s7*\250 £)=0.25 M7 
ay" 0.25 M'=0.25 M” 
Te 0.50 M” 
[A] 
[A]=2.0 M 


19. C. (EK 4.A.2) The overall rate of the reaction is given by 
rate = k[C,H [HCI 


Select two trials (trials 1 and 3) in which HCI does not change in order to solve for x. 


rate, K (0.020) (0f 1.0x107 

rate, 7 K(0.010)* (0409 50x10% 
De? 
x=1 


The order with respect to HCI can be determined using trials 1 and 2. 


rate, K (0.0t07* (0.020) 4.0x107 
rate, K (Q 0f (0.010)” 5.0 10~ 
PSs 
y=3 
The rate law for the reaction is 
rate = A[C,H, [HCl] 


20. C. (EK 4.B.2) The profile with the highest activation energy going from reactants on the left to products on 
the right is the profile shown in choice C. 


100 T 
D Sa ee ee 
| 
| H Highest activation 
pA | [| energy in the forward 
rj | L| direction 
Si | 
5 | 
oO 
S | 
0 | 


Reaction Coordinate 
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Long Free Response 
1. a. (EK 4.A.3) The reaction is fast, as indicated by the very large rate constant on the order of 10°. 


b. (EK 4.A.2, 4.A.3) The reaction is first order with respect to cyclopropane. The units associated with 
the rate constant, s”, must be multiplied by M to result in units of rate, M- s”. 

c. (EK 4.A.2, 4.A.3) The time it takes for the concentration to decrease by half is the half-life of a 
reaction. Since the molar masses are identical for each gram of cyclopropane that is consumed, 
l gram of propene is produced. The time for the cyclopropane to decrease from 2 grams to 1 gram 
is the half-life. This reaction is first order, so the half-life is given by 


pM, = = ee a S 


t = 
y k 1.24x 108 s7! 


d. i. (EK 4.D.1) Because BCl, increases the rate of the reaction without being consumed, it is a 
catalyst. It changes the reaction mechanism to one with lower activation energy than the 
uncatalyzed process. 

ii. (EK 4.D.1) Your answer should resemble the sketch below. Notice that the activation energy for 
the reaction in the presence of BCI, is lower than that of the reaction in the absence of BCL. 
Since the reaction is exothermic, product potential energy is lower than reactant potential 


energy. 
BCI, absent | - -- sac eng 
.---|E, without BCl; 
BCl presént~-=----7=; 
PR ----1 EF, with BC; 
© Reactant energy 
jaa 


Product energy 


Reaction Coordinate 
e. (EK 4.B.3) The activation energy of a reaction can be determined from the slope of the plot of In k 
versus T”. 


a 


slope =-— 
P R 


E, = -slope x R= {ae sk 8.314 J-mol!- K“ 


0.00167 KX“ -0.00111 K* 


E, =2.70x10° J- mol” 
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Short Free Response 


2. a. (EK 4.A.1) The sketch should clearly show that A disappears at approximately the same rate that B 
appears. The rate of appearance of C is half the rate of appearance of B. 


Concentration 


Time 


b. (EK 4.A.1) Because the volume of the vessel is increased, the concentration of A is decreased. A 
decreased concentration of reactant leads to a decrease in the rate of the reaction when the rate is not 
zero order. 


c. (EK 4.B.2) Ata higher temperature, a larger number of molecules will have sufficient kinetic energy 
to overcome the activation energy barrier and react, while at the lower temperature, a smaller number 
of molecules will have sufficient kinetic energy to do so. This results in an increased reaction rate at 


high temperature. 


A larger fraction of high 
temperature molecules have 
sufficient energy to overcome 
the activation barrier. 


Number of Molecules 


A smaller fraction of low 
temperature molecules have 
sufficient energy to overcome 
the activation barrier. 
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3. a. (EK 4.A.1) The overall rate of the reaction is 


O, = 0,+ Ø 
Ø +0, >20, 
20,730, 


The rate of disappearance of O, is related to the rate of appearance of O, by 


rate of reaction = -5{ AO) = Al A[O, l) 


At 3\ At 
l 
-—(-2.0x 10” m-s) = 1201) 
2 3\ At 
AlO] 3.0x107 M-st 
At l 


b. (EK 4.C.1) The rate is determined by the slow step. 
rate = k,[O][O,] 


Since the rate law should not contain an intermediate, it is necessary to recognize that the rate of the 
forward reaction for the first step is equal to the rate of the reverse. 


k,[O;]= k_,[O, ][O] 


[O] = aor 
10] 


Substituting the expression into the rate law gives 


rate = “210,101 “= k[O,])[0,]~ 


-1 


c. (EK 4.B.2) The two factors that determine whether a collision between O, and O will result in a 
reaction are the energy of the molecules and the orientation. The energy of the collision must be 
sufficient to overcome the activation barrier for the reaction. The molecules must collide with an 
orientation that makes bond formation and bond breaking possible. 


d. (EK 4.D.1) The catalyst increases the rate of the reaction by providing an alternative mechanistic 
route from reactants to products. This alternative route would have a decreased activation energy 
relative to the activation energy of the uncatalyzed process. A decrease in activation energy means 
that at a given temperature, a larger number of molecules has sufficient kinetic energy to overcome 
the activation barrier. 
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Thermodynamics (Big Idea 5) 


Big Idea 5: Thermodynamics is the study of energy 
changes in systems 


Energy is the ability to transfer heat or do work. Thermodynamics is the study of the energy changes that accom- 
pany physical and chemical processes. The transfer of energy into and out of systems has implications for the 
spontaneity, or thermodynamic favorability, of processes. 


The First Law of Thermodynamics 


The amount of matter and energy in the universe is fixed. This is one statement of the first law of thermodynam- 
ics. In ordinary physical and chemical processes, when energy is absorbed or released by a system as heat or work, 
this energy must be transferred between the system and the surroundings. In other words, energy is conserved in 
ordinary chemical and physical changes. In order to better understand this, some key definitions are crucial. 


Temperature 


As discussed in Big Idea 2 (Chapter 2, “Bonding and Intermolecular Forces”), the kinetic energy of an object is 
its energy by virtue of its motion. The kelvin temperature of a system is a measure of the average kinetic energy 
of the particles that make up the system. 


The Kinetic Energy of the Particles that Make Up a System 


Lower temperature Higher temperature 
Lower average kinetic energy Higher average kinetic energy 


The average speeds of the particles in a sample are distributed in a manner described by the Maxwell-Boltzmann 
distribution. The sample with the lower average kinetic energy has a narrower distribution of molecular speeds, 
and the sample with the higher average kinetic energy has a broader distribution of molecular speeds. 
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The Distribution of Molecular Speeds as a Function of Temperature 


| \ Lower average kinetic energy 


Higher average kinetic energy 


Number of Molecules 


Molecular Speed 


As the temperature of a sample approaches zero kelvin, the motion of the particles in the sample decreases. 
At the theoretical temperature of zero kelvin, the particles in a sample are completely motionless. 


Heat 


When two samples at different temperatures are in contact with one another, the particles at the interface between 
the two samples collide. If one of the samples has a higher average kinetic energy than the other, the collisions 
between the particles of the two samples result in the transfer of energy from the higher-energy sample to the 
lower-energy sample. Heat is this transfer of thermal energy from a warmer substance to a cooler substance. 


The kinetic energy of the particles of the warmer substance will continue to be transferred to the particles of the 
cooler substance until the particles of both samples have the same average kinetic energy. This condition is 
referred to as thermal equilibrium. Two objects in contact with one another are at thermal equilibrium when they 
have achieved the same temperature. 


The symbol for heat, the amount of thermal energy transferred, is q. 
At constant pressure, a transfer of heat to or from a system is equal the enthalpy change, AH, of the process. 


As discussed in Big Idea 2 (Chapter 2, “Bonding and Intermolecular Forces”), the transfer of heat to a system is 
an endothermic process. The potential energy of the products is greater than the potential energy of the reactants. 


The release of heat by a system to the surroundings is an exothermic process. The potential energy of the prod- 
ucts is lower than the potential energy of the reactants. 


Work 


Work, w, is the product of a force acting on an object or a system over a distance; the term encompasses energy 
transfers that are not heat transfers. In AP Chemistry, work will be limited to gas pressure-volume work. This is 
work that happens when a system expands or contracts against a constant external pressure. When a system 
expands against its surroundings, the system is doing work on the surroundings. When the system contracts, the 
surroundings are doing work on the system. This pressure-volume work only occurs when there is a change in the 
volume of the gas. 


The equation for work is 


w = -PAV 
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where P is the external pressure and AV is the change in volume, V, — V.. This gives work in units of L-atm, which 
can be converted to joules: 


1 L-atm = 101.3 J 


In the event that a work calculation is required on the AP Chemistry exam, either L-atm will be appropriate units 
or this conversion factor is likely to be included in the question. Be sure to read carefully. 


System and Surroundings 


A system is a sample or a region under investigation, and the surroundings are everything else. There are sign con- 
ventions associated with heat transfer to a system from surroundings or to surroundings from a system. 


The heat transferred to a system is equal in magnitude and opposite in sign to the heat transferred from the sur- 
roundings. 


dys = A surr 


Likewise, the work done on a system is equal in magnitude and opposite in sign to the work done by the sur- 
roundings. 


By convention, when heat, q, is transferred from the surroundings to a system, q > 0. When heat is transferred 
from a system to the surroundings, q < 0. Likewise, when work is done by the surroundings on a system, w > 0. 
When work is done by the system on the surroundings, w < 0. 


Transfer of Heat and Work Between System and Surroundings 


Surroundings Surroundings 


Both the system and the surroundings taken together make up the thermodynamic universe. The first law of ther- 
modynamics states that energy of the universe is constant. It can be transferred between the system and the sur- 
roundings, but it cannot be created or destroyed in ordinary chemical or physical processes. 


PRACTICE: 


A piston expands from a volume of 2.50 L to a volume of 3.10 L against a constant external pressure 


of 1.0 atm. How much work is performed? Express your answer in joules (101.3 J = 1 L-atm). Is work 
done by the system or on the system? 


Using the equation for work, 
w= -PAV =-(1.00 atm)(3.10 L -2.50 L) = —0.60 L- atm 
101.3 J 


—0.60 x ——— = -6l J 
Tenn 1 Leatm 


The negative value indicates that work is done by the system. This will always be the case when a system expands. 
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Heat Capacity 

The heat capacity of a substance is the heat required to raise the temperature of a quantity of the substance by 1 K. 
The amount of heat required to raise the temperature of one gram of the substance by one kelvin (or 1 °C) is 
called the specific heat capacity, c, and is reported in units of J-g'-K™ or J-g 1°C". The amount of heat required 


to raise the temperature of one mole of the substance by one kelvin (or 1 °C) is called the molar heat capacity and 
is reported in units of J-mol -K~ or J-mol'-°C". 


The higher the specific heat capacity of a substance, the greater the heat required to raise the temperature of the 
substance. For example, liquid water has a specific heat capacity of 4.18 J-g'-K'. Copper has a specific heat 
capacity of 0.385 J-g'-K™. It requires less heat to raise the temperature of 1 gram of copper than it does to raise 
the temperature of 1 gram of water. 


The amount of heat absorbed or released by a chemical or physical process is given by 


g=mcAT 


where m is the mass of the substance, c is the specific heat capacity of the substance, and T is the change in tem- 
perature, Tena — Tinia This equation is given on the AP Chemistry Equations and Constants sheet. 


PRACTICE: 


What quantity of heat is needed to raise the temperature of 10.0 g of water from 25 °C to 50 °C? 


The specific heat capacity of water is 4.18 J-g?:°C™. 


The equation for heat is used. 


q=mcAT =(10.0 £)(4.18 J-g% - 9€7)(50.0 2€ -25.0 2€) =1050J 


When two substances are in thermal contact, the hotter body will transfer heat to the cooler body until both sub- 
stances have reached the same temperature. The heat lost by the higher-temperature substance, q. is equal in 
magnitude and opposite in sign to the heat gained by the lower-temperature substance, Q,ainea: 


Tost 7 ~A gained 


Suppose a student would like to measure the specific heat of aluminum. A 5.00-gram block of aluminum at 
100.0 °C is placed in 20.0 grams of water at 30.0 °C. The temperature of the water increases until it reaches 
33.6 °C before it begins to decrease to room temperature. 


The heat transferred from the aluminum to the water is equal in magnitude to the heat gained by the water. 
Although both substances are at different initial temperatures, at thermal equilibrium their final temperature, 
T,, is the same. 


d atuminum = A water 


Substituting mcAT for water and for aluminum allows us to solve for c, the specific heat capacity of aluminum. 


Macas Ty = —My,0Cu,04T 0 


(20.0 g)(4.18 J- ye . "(33.6 2€ — 30.0 2€) = —Cy,0(5.0 g)(33.6 °C — 100.0 °C) 
Cmo = 0.91 J- g” -°C 
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PRACTICE: 


A 100.-gram block of aluminum at 20.0 °C is placed in contact with a 10.0-gram block of iron at 


60.0 °C. Assuming that no heat is lost to the surroundings, what is the final temperature of the two 
metals? The specific heat of aluminum is 0.897 J-g'-°C' and the specific heat of iron is 0.450 J-g":°C". 


The heat lost by the iron is equal in magnitude and opposite in sign to the heat gained by the aluminum. The final 
temperature, T, is the same for both metals. 


Dost — TI gained 
MpsCpeA Tre = MACAT n 
(10.0 g)(0.450 J - g` -°C7'X(T, — 60.0 °C) = -(100. g)(0.897 J - g` -°C7!X(T, — 20.0 °C) 
T, = 21.9 °C 


Calorimetry 


Calorimetry is a technique for the measurement of the amount of heat transferred to or from a system. In most 
AP Chemistry classrooms, the type of calorimeter used is the coffee cup calorimeter. A reaction is carried out in a 
well-insulated disposable foam cup. The insulation is important so that heat transfer to or from the surroundings 
is minimized. Pressure (atmospheric) is constant in this kind of calorimetry experiment, so the change in enthalpy 
of the system is equal to the heat lost or gained in the reaction under investigation. Here, q, represents the heat 
transferred to or from the system at constant pressure. 


AH = q, 


Coffee cup calorimetry deals with reactions in solution. The distinction between system and surroundings is 
sometimes a source of confusion for students. The system is specifically the reactants and products of the reac- 
tion, and the surroundings include the solvent, the thermometer, and the calorimeter. When the temperature of 
the solvent increases, it is because energy is being released by the reactants as they form products in an exother- 
mic process. When the temperature of the solution decreases, the decrease is due to the uptake of energy from the 
surroundings by the reactants as they form products in an endothermic process. 


Coffee Cup Calorimeter 


Glass stirring rod Thermometer 


Polystyrene foam cover 


Outer beaker 
for support 


= 


(= Polystyrene coffee cups 
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Since a coffee cup calorimeter is not a perfectly insulated apparatus, some heat will be transferred to or from the 
surroundings. The value of AH calculated in a calorimetry experiment can differ from the actual value when a 
significant amount of heat transfer between the system and surroundings occurs. 


PRACTICE: 


100. mL of a 1.00 M HCI solution was mixed with 100. mL of 1.00 M NaOH in a coffee cup 
calorimeter. Before mixing, the temperatures of the HCl and NaOH solutions were both 30.0 °C. At 
the end of the experiment, the maximum temperature reached by the combined solutions was 40.0 °C. 
Assume that the densities and specific heats of the HCl and NaOH solutions were the same as that for 
water, 1.00 g-mL” and 4.18 J-g'-°C", respectively. 


(a) What is the enthalpy of reaction for the neutralization of HCl with NaOH? Report the value in 
units of J:mol”. 


(b) Is the reaction endothermic or exothermic? 


(c) If a significant amount of heat transfer with the surroundings occurs, will the enthalpy of 
neutralization calculated be too high or too low? 


(a) The heat given off in the reaction is equal to the heat gained by the solution. Since the reaction occurs at con- 
stant pressure (atmospheric pressure), this heat is equal to the enthalpy change for the reaction. Because the den- 
sity of the solution is 1.00 g-mL™, 100. mL of solution has a mass of 100. grams. 


alixan = —~W[eoin — T son Coon A Tion 
daa = —(100. gt 100. £)(4.18 J. g7” . 2 (40.0 y= 30.0 2) 
Gn = 8360 J 


The amount of heat given off per mole of HCl or NaOH reacted is reported as the enthalpy change per mole 
reaction. 


HCl(aq) + NaOQH(aq) > H,O() + NaCl(aq) 


The same number of moles of HCl and NaOH are present. 


100. mL HCI x —_“ — I£ _,, 00. mol HCI _ 9 109 mol HCI 


1000 mi 1 LHC 


AA = eee —8.36x10* J-mol™ 
n 0.100 mol 


(b) The negative enthalpy change and the fact that the final temperature of the solution was higher than the ini- 
tial temperature both indicate an exothermic reaction. 


(c) If a significant amount of heat is lost to the surroundings, the temperature of the solution will not increase as 
much as expected. This means that AT will appear to be smaller than the true value, and the calculated magnitude 
of q,,, Will be too low. Since the reaction is exothermic and the value is negative, however, the calculated value of 
the enthalpy change will be too high (less negative than the true value). 


Careful calibration of a coffee cup calorimeter results in measurement of a calorimeter constant, c „„ the amount 
of heat that is lost or gained by the calorimeter. This can be done by using a heater to deliver a precise amount of 
heat or by careful measurement of the energy change associated with a standard reaction. 


For example, a student adds 25.0 mL of water at 100.0 °C to 25.0 mL of water at 23.2 °C in a coffee cup 
calorimeter. The temperature of the water and the calorimeter rises from 23.2 °C to 58.7 °C. We can calculate 
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the calorimeter constant in units of J-°C’'. The quantity of heat lost by the hot water as it mixes with the cold is 
equal to the heat that is gained by the cold water and the calorimeter. 


dhot ~ —(đ cold + deal) 


Myo, off] hot — -(M eofn, 0AT cold + Cog AL, cold ) 


(25.0 £4.18 J- g% -9€7)(58.7 2€ - 100.0 2€) = 


(25.0 £4.18 J- g” -2€7 (58.7 2€ — 23.2 2) + c (58.7°C — 23.2 °C)] 
Eea Wea Oi 


PRACTICE: 


A coffee cup calorimeter is calibrated and found to have a calorimeter constant of 27.3 J-°°C'. When 15.0 
mL of 0.200 M AgNO, at 24.50 °C are added to 30.0 mL of 0.120 M NaCl, also at 24.50 °C, in this 


calorimeter, the temperature of the solution in the calorimeter reaches 25.43 °C. What is the heat of 
reaction? Report the result in units of kJ per mole of AgCl formed. Assume that the densities and 
specific heats of the solutions are the same as that for water, 1.00 gmL" and 4.18 J-g '-C’, respectively. 


The net ionic equation for the reaction that occurs is 


Ag’(aq) + CI (aq) > AgCl(s) 


The amount of heat given off by the reaction is equal to the combined heat that raises the temperature of the 
solution and that is lost to the calorimeter. 


dixn 7 (doin + doai) 


The combined volume of the two reactant solutions is 


15.0 mL + 30.0 mL = 45.0 mL 


Because the density is assumed to be 1.00 g-mL", this volume has a mass of 45.0 g. 


drxn = AM oin’son lL) T (cca AT) 


qrxn =1(45.0 £)(4.18 J- g” - 9€7)(25.43 2€ — 24.50 2E) + (27.3 J- 2E" (25.43 2€ — 24.50 EY] 


dıxn =—2.0 x107 J 


In order to report the enthalpy change per mole of AgCl formed, the limiting reagent and theoretical yield must 
be determined. Both reactant quantities are converted to moles of AgCI formed. 


0.200 mo 3 1 mol AgCl 


15.0 m (Fk ee 
BLAENOs 7059 mLAgNO, 1 molAgNO, 
30.0 mL-NaCT ,, 0-120 molNaCl 1 mol AgCI 
1000 mL-NaCl 1 mol NaCl 


= 0.00300 mol AgCl 
= 0.00360 mol AgCl 


The theoretical yield of AgCl is 0.00300 mole, so the enthalpy of reaction can be determined. 


2 
ioa a ea aasie 
0.00300 mol AgCI 1000 J 
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Enthalpy Changes in a System 


AP Chemistry students must be familiar with energy changes that accompany heating and cooling, phase 
changes, and chemical reactions. 


Heating and Cooling Curves 


The enthalpy changes that accompany simple heating and cooling and phase changes for a substance with 
changes in temperature are portrayed graphically on heating and cooling curves. The heating curve of water was 
discussed previously in Big Idea 2 (Chapter 2, “Bonding and Intermolecular Forces”). A heating curve can be 
used to determine the energy transfer required to heat or cool a substance by a certain amount or the energy 
transfer required to cause a phase change. 


When energy is added to or removed from a substance to raise or lower its temperature, the amount of heat trans- 
ferred can be determined using 


g=mcAT 


Notice that the specific heat capacity of a substance depends on the physical state (solid, liquid, or gas) of the 
substance. 


When a substance freezes or melts, however, the temperature is constant and the protocol for determining the 
heat transfer is different. The amount of heat transferred is determined by the number of moles of the substance, 
n, multiplied by the enthalpy of fusion, AH,,., which is the energy transferred during the conversion of one mole of 


a substance from a solid to a liquid at its freezing temperature. 


q = nAH,,. 


Sometimes the enthalpy of fusion is given as the energy transferred during the conversion of 1 gram of a sub- 
stance from a solid to a liquid at its freezing temperature. In this case, the heat transfer is determined by the prod- 
uct of the mass of the substance, m, and the enthalpy of fusion. 


q = mAH,,. 


When a substance boils or condenses, the amount of heat transferred is determined by the number of moles mul- 
tiplied by the enthalpy of vaporization, AH. The enthalpy of vaporization is the energy required to convert one 


vap’ 


mole of a substance from liquid to gas at its boiling temperature. 


q= nAH ap 


The enthalpy of vaporization may also be expressed in grams. In this case, the heat transfer is determined by the 
product of the mass of the substance, m, and the enthalpy of vaporization. 


q= mAH ap 
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Heating Curve for Water at 1 atm 


q = NAH yap C= M4. AT 


2 

5 

= 

Samy 

8. g = Mĉiiquidâ T 

= 4 =A eis 

0°G pa 
i= MAT 
Heat Added 
Cooling Curve for Water at 1 atm 
q= MCsteamAT 
100 °C}------ 

p 

= 

= 

p — dai ‘ 

= q= MCtiquid A T 
z q = nAHfus 


g = mc;..AT 


Heat Removed 


Suppose a block of ice with a mass of 25.0 grams is initially at a temperature of —15 °C. The amount of energy 
that is required to convert the ice to steam with a temperature of 102 °C at atmospheric pressure can be calcu- 
lated. The heat of fusion of ice, the heat of vaporization of steam, and the specific heat capacities of ice, liquid 
water, and steam are all known. (AH,,, = 6.01 kJ-mol", AH, = 40.7 kJ mol”, c = 2.1 Jeg’ + °C , Ciga = 4.185 g` 
°CT, and Caan = 2.0 Jg -+ °C.) 

The number of kilojoules of heat required is the sum of the amounts of heat needed to raise the temperature of 
the block of ice from —15 °C to 0 °C, melt the ice at 0 °C, raise the temperature of the liquid water from 0 °C to 
100 °C, convert the liquid to steam at 100. °C, and then raise the temperature of the steam from 100. to 102 °C. 


q E MCAT + nAH pus + MCAT + nAH,,, + MCeamAT 


steam 


q =[(25.0 EII g” eNO oe -(-15 en (a gx mol e 01 kJ- aa 


(25.0 ¢)(4.18 J- g” -2€7 (100 2€- oea (250 gx hme 
(25.0 ¢)(2.0J- g” 27102 2€ -100 2€)] 


LkJ 
=76,100 7 x 
2 a 1000 7 


= 76.1 kJ 


A total of 76.1 kJ of energy are require to convert 25.0 grams of ice at —15 °C to steam at 102 °C. 
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PRACTICE: 


The heating curve for a pure substance at a given pressure is shown below. 


(a) What are the melting and boiling points of the substance? 
(b) At which point on the heating curve are chemical bonds broken? 
(c) Is the specific heat capacity greater for the substance in its liquid state or its solid state? 


Temperature 


Heat Added 


(a) The melting point of the substance is 10 °C. The first plateau in the curve represents the conversion of solid to 
liquid. This occurs at the melting temperature. The boiling temperature is 50 °C. The second plateau represents 
the conversion of liquid to gas. 


(b) The heating of the substance involves a physical process. The average kinetic energy of the particles is increas- 
ing, and during melting and boiling, intermolecular forces are being disrupted, but at no point are chemical 
bonds broken. 


(c) The slope of the heating curve of the solid state is steeper, which means it requires more heat to raise the tem- 
perature of the substance in the liquid state by 1 °C than it does to raise the temperature of the substance in the 
solid state by 1 °C. The specific heat capacity of the liquid form is greater than the specific heat capacity of the 
solid substance. 


PRACTICE: 


A block of ice with a mass of 10.0 grams and a temperature of —10.0 °C is added to 100.0 mL of 
=2.1J-g"- 


water at 40.0 °C. What is the final temperature of the mixture? (AH,,, = 6.01 kJ-mol!", c 
°C! and Cig = 4.18 Jg- °C") 


ice 


This type of problem can be treated exactly like a calorimeter problem. The heat gained by the ice as it warms, 
melts to a liquid, and continues to warm until thermal equilibrium is reached is equal to the heat lost by the water 
until both are at the same temperature, Tana The number of grams of water is equal to the volume of the water 


multiplied by the density of water, 1.00 gmL™. The number of moles of ice is the mass divided by the molar 
mass, 18.02 g-mol’. 


The energy lost by the 40.0 °C water is equal in magnitude to the energy that is gained by the ice. 


diost ~ 4 gained 


Mig igAL = —(Miceice AT + nice AH + Mig igAT) 
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(100. mL x 7 


LE- ) (418 3-9 °C “\(T,- 40.0°C) |= -| (10.0 g)(2.1 3g -°C “\(0 °C -(-10.0 °C))| 


[owen mr) 
-| (10.0 g)(4.18 3 g7” -°c)(7, -0 °C) | 


T, =28.7 °C 


Endothermic and Exothermic Reactions 


Enthalpy changes associated with chemical reactions were introduced in Big Idea 3 (Chapter 3, “Chemical 
Reactions”). When reactants have higher potential energy than products, a reaction is exothermic. When products 
have higher potential energy than reactants, a reaction is endothermic. 


The potential energy of a molecule is the energy it possesses by virtue of the attractions and repulsions among its 
constituent atoms and between the molecule and the surrounding particles. 


In an exothermic reaction, heat is released and AH,,, < 0. In an endothermic reaction, heat energy is gained and 
AH „> 9. 


Energy is required to break bonds, and energy is released when bonds are formed. In other words, bond breaking 
is endothermic and bond formation is exothermic. The average amount of energy required to break a particular 
type of bond is the bond enthalpy or bond energy. The higher the bond energy, the stronger the bond. 


Bond energies can be used to estimate the enthalpy change of a reaction in which all reactants and products are 
in the gas phase. The energies of the bonds in the products are subtracted from the energies of the bonds in the 
reactants. 


AH „„ = È Bond energies of reactants) — (2 Bond energies of products) 


For example, suppose a chemist would like to know the enthalpy of reaction for the addition in the gas phase of 
HBr to ethylene, C,H,, to form bromoethane, CH,CH,Br. A table of bond energies provides the following data. 


Bond Energy (cFmol) 
eM 


276 


The Lewis structures for reactants and products show the number of each kind of bond present. 
Bromoethane Formation 
H H H H 
a | + :B;k—_H ——~> H os Br: 
H H 


The reactants contain one C=C bond, four C-H bonds, and one H-Br bond. The product contains one C-C single 
bond, five C-H bonds, and one C-Br bond. The enthalpy change is calculated using the tabulated values. 
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AH... =[(1 x 612 kJ-mol") + (4 x 412 kJ-moI') + (1 x 363 kJ-mol")] —[(1 x 348 kJ-mol") 
+ (5 x 412 kJ-mol") + (1 x 276 kJ-mol’)] 


AH... = -61 kJ-mol” 


Notice that this technique works equally well when only the bonds that are broken and formed are considered. 
The broken bonds are the C=C bond and the H-Br bond. The bonds formed are the C-C, C-Br, and C-H bonds. 


AH „= (& Energy of bonds broken) — (2 Energy of bonds formed) 
AH = [(1 x 612 kJ-mol") + (1 x 363 kJ-mol")] —[(1 x 348 kJ-mol") + (1 x 412 kJ-moI") + (1 x 276 kJ-moIl")] 


AH... = 61 kJ-mol” 


PRACTICE: 


Use the tabulated bond energies below to find the enthalpy of reaction for the nitrogen gas with 
fluorine gas to produce nitrogen trifluoride gas. 


944 


x2 


The Lewis structures of reactants and products should be determined first. 


N, +3 F, > 2NF, 


There is one N-N triple bond and there are three F-F single bonds in the reactants. The product contains six N-F 
single bonds. The enthalpy of reaction is determined as follows. 


AH,,,, = [(1 x 944 kJ-mol™) + (3 x 158 kJ:mol™]-— (6 x 270 kJ-mor’) 


AH, = -202 kJ-mol” 


A second method for calculating the enthalpy of a reaction involves the use of Hess’s law. Hess’s law states that 
enthalpy change for a process is equal to the sum of the enthalpy changes for reaction steps that add up to the 
process, regardless of whether those steps were actually involved in the chemical reaction mechanism. 


When using Hess’s law to determine reaction enthalpy, the steps for which the enthalpy changes are known must 
be rearranged so that they add up to the overall process. For example, consider the reaction of graphite with 
oxygen. 
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C(gr)+50,(g) > CO(g) AH =? 


The following two known reaction enthalpies can be used to elucidate the enthalpy of reaction for the oxidation 
of graphite to carbon dioxide. 


C(gr)+0,(g)—> CO,(g) AH = -393.5 kJ- mol” 


l 
CO(g)+ 5 O2(8) — CO, (2) AH = -283.0 kJ- mol” 


These two equations must be manipulated so that they add up to the overall transformation of interest. Graphite, 
C(gr), is a reactant in the overall equation, so the first step should be used as written. The second equation, how- 
ever, needs to be reversed so that CO(g) is a product. When the equation is reversed, the sign of the enthalpy 
change for the second equation is also reversed. The sum of the two steps results in the equation that represents 
the overall reaction between graphite and oxygen to form carbon monoxide. So, the sum of the enthalpy changes 
gives the enthalpy of this reaction. 


1 
C(gr)+Ž0, (g) > cCo4g) AH = -393.5 kJ: mol" 
COE) > CO(g)+ PAG AH = -(-283.0 kJ - mol`’) 
l 
C(gr)+ 02 (8) > CO(g) AH =-110.5kJ- mol” 


It is Sometimes necessary to multiply an equation by some factor in order to produce the equation that repre- 
sents the overall reaction. When this is the case, the enthalpy of the corresponding reaction must be multiplied 
by that factor. For instance, suppose the enthalpy of reaction for the decomposition of sulfur trioxide, SO,, is 
needed. 


2 SO, (g)> 2 SO, (g) + O,(g) AH =? 


The following information is given. 


S(s)+50,(g) — $0,(g) AH =-395.7kJ- mol 


S(s)+O,(g) > SO,(g) AH =-296.8 kJ- mol" 


In this case, the first equation must be reversed. Both equations must be multiplied by 2. 


2 
2S0,(g) > 2S65) + É 0,(2) AH =-(-395.7 kJ: mol”')2 
4 
24S] + -0Ox(2) > 2 S0, (2) AH = (-296.8 kJ - mol')2 
2SO,(g) —> 2SO0,(g) + O,(g) AH =197.8 kJ - mol 
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PRACTICE: 


The chemical equations and enthalpy changes of the following reactions are given. 


4 HCl(g)+0O,(g) > 2H,O(/)+2 CL(g) AH = -202.4 kJ: mol 


H,O(/) > H,(g)+50,(g) AH = 285.8 kJ: mol” 


HF(/) > SH, (g)+ >F, (8) AH = 299.8 kJ : mol” 


Determine the enthalpy of reaction for the reaction of HCI with F.. 


2 HCI(2)+F, (g) > 2 HF(/) + Cl, (2) 


The first equation is the only one in which HCl appears. It is divided by 2. The third equation is the only one in 
which HF appears. Reversal and multiplication of the third equation by 2 results in the correct number of HF 
moles in the products. Since H,O, H,, and O, do not appear in the overall equation, the second equation is left as 
it is written in the problem. 


l aul 
2 HCI(e)+ 50408) > H,Off) + Clg) AH = (-202.4 kJ - mol 25 
HO) > “ a AH = 285.8 kJ- mol" 


HA) +F,(g) > 2 HF(I AH = (-299.8 kJ - mol)2 
2 HCl(g) + = )>2 = + C1, (2) AH = -415.0 kJ - mol” 


The third method for determining the enthalpy change for a reaction involves the use of standard molar heats of 
formation of the reactants. The standard molar heat of formation, AH°,, of a substance is the enthalpy change that 
occurs when mole of a substance is formed from its constituent elements in their standard states. The standard 
state of an element is its form under thermodynamic standard conditions. The standard molar heat of formation 
of an element in its standard state is zero. 


In thermodynamics, standard conditions are defined as 1 atmosphere pressure or 1 atm of partial pressures in a 
gas mixture or 1 M solution. (Often the standard temperature reported in thermodynamic tables is 25 °C, unlike 
standard temperature for gas law calculations, which is 0 °C). 


In order to calculate the enthalpy of a reaction, the sum of the standard molar enthalpies of formation of the 
reactants is subtracted from the sum of the standard molar enthalpies of formation of the products. 


AH xn = LNAH, -È nAH,, 


f(products) f(reactants) 


The enthalpy of reaction for the combustion of propyne, C,H,, for example, can be calculated using the tabulated 
heats of formation. 


C3H,(g) + 4 O,(g) > 3 CO,(g) + 2 H,O(/) 


AHP, (kJ-mol) 


C,H,(g) 184.9 


COg) -393.5 
H,O(/) -285.8 


240 


Chapter 5: Thermodynamics (Big Idea 5) 


The enthalpies of formation are multiplied by the number of moles, n. 


AH Pyn =| (3(-393.5 kJ-mol™)) + (2(-285.8 kJ - mol™)) |- [(1(184.9 kJ -mo1™)) + (4(0 kJ-mo!™))] 
AH?» =—1937 kJ - mol” 


PRACTICE: 


Determine the amount of energy absorbed or released when 30. moles of solid iron are produced from 
iron(IIT) oxide by the following reaction. 


Fe,O,(s) + 3 CO(g) > 3 CO,(g) + 2 Fe(s) 


The overall enthalpy change for the reaction can be determined using the standard molar enthalpies of 
formation. 


AH xn = L NAH f(products) -2 nAH ieaiaia) 


AH’, = | (3(-393.5 kJ - mol™)) + (2(0 kJ- mol™')) |-| (1(-824.2 kJ - mo1™)) + (3(-110.5 KJ - mol)) | 
AH? = -25 kJ- mol” 


The enthalpy change “per mole of reaction” is the enthalpy change when two moles of iron are formed (using the 
stoichiometric coefficient). The amount of heat released when 30. moles of iron are formed is determined using 
the stoichiometry of the reaction. 


30. met Fe i moleaction  -25kI na kJ 
2 metFe 1 mol+reaction 


The amount of heat released for every 30. moles of iron formed is 372 kJ. Reported to two significant figures, this 
is 370 kJ. 


Notice that the standard molar enthalpy change is not rounded until the end of the calculation. When the 
calculated value is used, the amount of heat released is 370 kJ rather than 380 kJ (rounded up from 375). 


The Second Law of Thermodynamics 


A reaction that is thermodynamically favorable will spontaneously proceed in the forward direction. Although 
“spontaneous” is a description that is no longer used on the AP Chemistry exam, a very large number of chemis- 
try (and physics) resources use the word to describe a thermodynamically favored process. Once a thermodynami- 
cally favored process begins, no intervention is necessary for it to continue, although spontaneity should not be 
confused with speed. Some spontaneous processes, like the rusting of a solid sheet of iron in the presence of 
oxygen and moisture, are very slow. 


Consider a balloon filled with air. If the balloon is punctured and bursts, it releases its gaseous contents to the 
surroundings. The release of gas is thermodynamically favored (or spontaneous). The reverse of this process is 
non-spontaneous, or thermodynamically disfavored. The gas molecules will not re-assemble into a balloon- 
shaped volume. 
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Enthalpy changes alone do not predict whether a process will be thermodynamically favored or disfavored. In the 
balloon-bursting example, little if any heat is exchanged between the system and the surroundings, yet the process 
is thermodynamically favored. Examples of both exothermic processes, like the combustion of hydrocarbons, and 
endothermic processes, like the melting of ice on a warm countertop, are thermodynamically favored. If thermo- 
dynamic favorability is to be predicted, both enthalpy and entropy have to be taken into account. 


Entropy, S, is the range of positional states experienced by the particles in a system or the dispersal of energy in a 
system. It is generally reported with units of J‘mol'-K™. (Be aware that this differs from the units of AH, which 
are usually kJ-mol'.) Any change that increases the range of motion of a collection of molecules increases their 
entropy, AS ys > 0. Such changes include phase transitions that allow molecules to move more freely—tike melting 
and boiling, increases in temperature or volume, and mixing. Also, the system entropy increases for reactions in 
which gaseous products outnumber gaseous reactants. 


It is important to remember that while the entropy of the system increases when solids or liquids are dissolved in 
liquids, when gases are dissolved in liquids, entropy of the system decreases. 


PRACTICE: 


Which of the following processes likely involve an increase in entropy of the system and which involve 
a decrease? 


(a) The freezing of ethanol, C,H,O 
(b) Dissolving a crystal of sodium chloride in water 


(c) Solid calcium carbonate decomposes to form solid calcium oxide and gaseous carbon dioxide 


(d) A sample of helium at constant temperature expands from a volume of 2 liters to a volume of 
3 liters 


(e) A sample of helium in a rigid 3-liter container is heated from 25 °C to 35 °C 


(a) The freezing of ethanol involves a decrease in system entropy, AS, < 0. When ethanol freezes, the molecules’ 
positions become fixed at their crystal lattice points, and this decreases their dispersal. 


C,H.O() > C,H.O(s) 


(b) System entropy increases, AS „> 0, upon the dissolution of a crystal of sodium chloride in water. The sodium 
and chlorine ions are more dispersed and free to move in the aqueous solution than they are in fixed crystal lat- 


tice points. 


NaCl(s) > Na‘(ag) + CI (aq) 


(c) When a solid molecule of calcium carbonate decomposes, system entropy increases, AS,,, > 0. Reactions in 


which the number of moles of gaseous products is greater than the number of moles of gaseous reactants gener- 
ally involve an increase in system entropy. 


CaCO,(s) > CaO(s) + CO,(g) 


(d) When a container containing a fixed number of helium atoms expands at constant temperature, the positional 
possibilities available to each atom increases. This causes the entropy of the system to increase, AS y, > 0. 


(e) At constant volume, an increase in the temperature of a sample causes the kinetic energy of the molecules to 
increase. An increase in the motion of the particles increases the entropy of the system, AS,,, > 0. 


The entropy of the universe is always increasing. This is a statement of the second law of thermodynamics, which 
is very different from the first law. The quantity of matter and energy is fixed (first law), but the entropy is not 
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(second law). Stated mathematically, the change in entropy of the system plus the change in entropy of the 
surroundings is always a positive quantity in spontaneous processes. 


AS univ a ASsys + ASgurr 
AS univ >0 


By looking at the effect of a process on the entropy of the universe, the thermodynamic favorability of the pro- 
cess can be predicted. 


At constant temperature and pressure, the entropy change of the surroundings is related to the enthalpy change 
of a process. 


The enthalpy change of the surroundings is determined from the enthalpy change of the system. The amount of 
heat transferred between system and surroundings is equal in magnitude and opposite in sign, so the change in 
entropy of the surroundings is opposite in sign to the heat transferred by the system. 


AH 


surr — AH sys 


The entropy change of a system can be calculated from tabulated values of the standard entropies of the prod- 
ucts and reactants. An equation similar to the one that was used to determine the enthalpy change for a system 
can be used to determine the changes in entropy for a system. 


= £ S° 
roducts reactants 


ASSA ZS? 
Consider the highly exothermic reaction of solid sodium metal with chlorine gas. 


Na(s)+ 50l, (2)—> NaCl(s) 


Susane ar emo S mK 
NaCl) “411.2 


wo = b è >=> —őēě o è o= = 
Che oo —~dS 


In terms of the entropy of the system, this reaction is disfavored since the entropy decreases. This can be 
predicted qualitatively since the number of moles of gaseous reactants is greater than the number of moles of 
gaseous products. This prediction can also be quantified. 


oO _ o o 
A Ssys D2 S products =2 O reactants 


ASsys = 72.1 J- mol” -K7 — [a613 J-mol” -K)+ EG J- mol`- K")) 
ASgys = -62 J-mol™ -K™ 
Even though the AS is negative, this reaction occurs spontaneously under appropriate conditions. It generates a 


large amount of heat, and the heat that is released is transferred to the surroundings, which ultimately leads to an 
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increase in the entropy of the universe. The enthalpy change for the reaction can be used to determine the entropy 
change for the surroundings at 298 K. 


AH iin = NAH, 


f(products) — LnAH 


f(reactants) 


AHX, =(1(-411.2 kJ- mol” = a0 kJ- mol!) + E kJ- mor’) )| 


Sys 
AH,,, =—411.2 kJ. mol” 
AH surr = -AH gy, = 411.2 kJ - mol” 
AH .2kJ-mol™ 
ASeyrp = = 411.2 kJ-mol _ 1.38 kJ-mol?-K7! 


T 298 K 


The larger resulting entropy increase of the surroundings compensates for the entropy decrease of the system, 
and the change in entropy of the universe increases. Notice that enthalpy is usually reported in kJ-mol", while 
entropy is reported in J‘mol'-K™. 


AS niv = ASgys + AS our 
AS . =|-62 J-mol™'-K7' x a +1.38 kJ -mol -K~ = 1.32 kJ- mol” -K7 
univ 1000 J 


PRACTICE: 


The following reaction is thermodynamically favored. 


NH,(g) + HCI(e) > NH,Cl(s) 


Given the information tabulated below, 


(a) Calculate the standard enthalpy of the reaction. 
(b) Calculate the entropy change of the system. 
(c) Explain qualitatively why this reaction occurs as written. 


AHP’, (kJ-mol") S° (J-mol-K") 


(a) The standard enthalpy of the reaction is determined from the standard enthalpies of formation. 


AH, xn — L nH predic — L nAH fecha 
AHS, = (1(- 314.4 kJ - mol™)) -| (1(-45.9 kJ mol) + (1(- 92.3 kJ- mol™)) | 


AHs,, =—-176.2 kJ - mol” 


(b) The entropy change associated with the reaction is determined from the enthalpies of the product and reactants. 


A Ssys = 2S (products) 7 2. cacan 
A Ssys = 94.6 J- mol -K7 — | (1(192.8 J-mol™'-K7')+(1(186.9 J- mol” -K7 ») | 


ASsys = -285.1 J-mol™ -K™ 
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(c) Despite the entropy decrease of the system, the reaction is thermodynamically favored. The reaction must be 
sufficiently exothermic to increase the entropy of the surroundings enough to offset the entropy decrease of the 
system, since the change in entropy of the universe is always positive. 


The Third Law of Thermodynamics 


The third law of thermodynamics states that at 0 K, when a substance is a perfect, motionless crystal, the entropy 
of the substance is zero. As the temperature is raised, the vibrational motion increases the dispersion of the parti- 
cles making up the crystal. Since this variation of entropy with temperature is understood, the absolute entropies 
of substances can be reported. The values of standard absolute entropies, S°, are reported in tables of thermody- 
namic values. 


Unlike the enthalpies of formation of pure elements in their thermodynamic standard states, the absolute entropies 
of elements and molecules are nonzero. This is because these elements are not perfectly ordered at temperatures 
above 0 K, and the values reported in the tables are usually for a standard thermodynamic temperature of 298 K. 


Absolute entropy increases from solid to liquid to gas. Also, it increases with increasing molecular complexity; 
the larger the number of electrons in a molecule, the higher the absolute entropy of the molecule, but this effect is 
not as pronounced as that due to the phase of the molecule. 


PRACTICE: 


Rank the compounds in order of increasing absolute entropy at 298 K: H,(g), Cl,(g), H,O(), HC|(g). 


Gaseous compounds tend to have higher absolute entropies than liquids, so the entropy of H,O(/ is predicted to 
be the lowest. The three gases must be ranked in terms of molecular complexity. Hydrogen gas, H,, is the least 
complex. It has only two electrons, so it has a lower entropy than Cl, or HCI. Chlorine gas, Cl,, has the greatest 
complexity and the largest number of electrons, so it has the highest absolute entropy. The correct ranking of the 
molecules in terms of increasing absolute entropy is H,O() < H,(g) < HCl(g) < CL,(g). 


The actual absolute entropy values are shown for comparison. 


S° (Jmol tK”) 
H,0() 


HCE 
T 


Gibbs Free Energy 


The change in Gibbs free energy, AG, associated with a process is a predictor of the thermodynamic favorability 
of the process at constant temperature and pressure. Gibbs free energy provides a value for the maximum amount 
of useful work that can be obtained from a system. The Gibbs free energy of a system, at constant temperature 
and pressure, is given by 


AG = AH-— TAS 


The products of a thermodynamically favored, or spontaneous, reaction have final Gibbs energies that are lower 
than that of the reactants. In other words, AG is negative for a thermodynamically favored process. For a process 
that is thermodynamically disfavored, AG is positive, and for a process in which reactants and products are at 
equilibrium, AG = 0. Processes for which AG is negative are sometimes referred to as exergonic, and processes for 
which AG is positive are sometimes referred to as endergonic. 
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Standard molar Gibbs free energy values, AG”, for thermodynamic standard conditions (1 atm, 1 M solutions, 
and usually 298 K) are experimentally determined and are tabulated in the scientific literature along with AH? 
and S° values. Like AH? values, AG° values are zero for elements in their standard states. 


The standard molar Gibbs free energy change for a reaction can be determined in the same ways that the 
enthalpy and entropy changes can be calculated. 


AGrxn = LNA — LnAG, 


G o 
f(products) (reactants) 


For example, a prediction can be made regarding whether the decomposition of pure hydrogen peroxide is a 
spontaneous process at 1 atmosphere and 298 K using tabulated values of AG°®, 


2 H,0,() > 2 H,O() + O,(g) 


AG, (kJ-mol") 
H,0,(/) -120.4 


H,0() 
O,(2) BO ti (tCCté—‘isSCY 


The reaction is carried out under standard conditions, so these free energies of formation may be used to deter- 
mine the overall free energy change for this reaction. 


AGrxn = LNA products) =2 nAGRreactants) 
AG? pn = | (2(-237.1 kJ -mol™))+(1(0 kJ- mol” )) |- (2(-120.4 kJ - mol™)) 
AG?,n = -233.4 kJ - mol" 


The negative value of the change in free energy for the reaction indicates that this is a thermodynamically favored 
process under standard conditions. 


PRACTICE: 
Use the standard molar free energies of formation below to determine whether the reaction between 


solid B,O, and hydrogen gas to form gaseous B,H, and oxygen is spontaneous under standard 
thermodynamic conditions. 


AG, Jmol) 
B,O,(s) the negative value of |-—1194.3 
BH) 


The first step is to write and balance the chemical equation. 


2 B,O,(s) + 6 H,(g) > 2 B,H,(g) + 3 O,(g) 


The standard free energies of formation can be used to determine the overall change in Gibbs free energy for the 
process under standard thermodynamic conditions. 


AG xn =} nA Grproducts) - LnAG 
AGexn =| (2(87.6 kJ - mol™)) + (3(0 kJ - mo1™)) |- | (2(-1194.3 kJ- mol™)) + (6(0 kJ - mol™)) | 
AG? = 2564 kJ- mol" 


rxn 
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A second method for determining the Gibbs free energy change for a reaction is to use a procedure similar to the 
one used to find AH? using Hess’s law. The steps for which the free energy changes are known must be manipu- 
lated so that they add up to the overall process. 


When graphite is added to solid copper(II) oxide, the reduction of CuO(s) to solid copper becomes thermody- 
namically favored under standard conditions. 


2 CuO(s) + C(s) > 2 Cu(s) + CO,(g) 


The reactions that make up this transformation are: 


l $ 
CuO(s) > Cu(s) +508) AG5og x = 129.7 kJ: mol” 


C(s) + O,(g) > CO, (2) AG5og x = —394.4 KJ : mol” 


When the first equation is multiplied by 2, it can be added to the second equation to result in the overall transfor- 
mation. The AG” for the first reaction is also multiplied by 2. The Gibbs free energy changes can be added to give 
the overall AG® for the reaction. (This is valid only at 298 K.) 


2 CuO(s) > 2 Cu(s)+O,(2) AG5og x = (129.7 kJ - mol™)2 
C(s) + O,(g) => CO,(g) AG5og x = -394.4 kJ : mol” 
2 CuO(s)+C(s) > 2 Cu(s) + CO, (g) AGsog x = -135.0 kJ: mol” 


This example serves to illustrate another important point. The decomposition of copper(II) oxide to solid copper 
and oxygen gas under standard conditions is thermodynamically disfavored (AG°,5. , = 129.7 kJ-mol"). The cou- 
pling of this reaction to one in which the oxygen produced forms bonds with carbon results in a sufficient 
decrease in Gibbs free energy to make the transformation of copper(II) oxide to solid copper possible. 


PRACTICE: 
Calculate AG° for the formation of gaseous NO,. 
NO(g) + O(g) > NO,(g) 


Use the following information. 


2 0,(g) > 30,(g) AG5og x = —326.4 kJ - mol” 
O, (e) > 2O(g) AG5og x = 463.4 kJ - mol" 
NO(g) + O,(g) > NO,(g) + O,(g) AGsog x =—199.5 kJ- mol” 


The first and second equations, along with their associated AG® values, are algebraically manipulated in the same 


manner as for AH. The first and second equations, along with their associated AG? values, are multiplied by — 1 
2 


Addition of the three equations and their AG® values gives the overall change in Gibbs free energy for the trans- 
formation at 298 K. 


3 l 
= > O AG?og x = (— 326.4 kJ - mol" (- 
Ag) QO 298 K ( ol ) 5 
l 3 yf d 
Ole) > z902) AG5og x = (463.4 kJ - mol) s 
NO(g) + Of > NO,(g)+ Qf  AGog g =-199.5 kJ - mol” 
NO(g) + O(g) — NO, (2) AG5og x = —268.0 kJ- mol” 
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The third method for the determination of the Gibbs free energy change for a reaction is to use the relationship 
between AS? and AH”. 


AG? = AH? — TAS® 


The reaction between hydrogen and oxygen gases to form water vapor is thermodynamically favorable at room 
temperature. (The activation energy for the reaction is high, so a spark must be applied to initiate the reaction. 
Once the reaction has begun, however, it proceeds.) 


H,(g)+>0,(¢) > H,O) 


The change in Gibbs free energy for this process can be found by determining the enthalpy and entropy changes 
at this temperature. 


AH?, (kJ-mol") S°? (J-mol"-K") 
H,O(g) 937.1 188.8 


The enthalpy change for the process is the standard enthalpy of formation of one mole of H,O. 


AH? = -237.1 kJ-mol'! 
The entropy change for this reaction is the difference between the standard entropies of products and reactants. 
AS A= 2 So mS, 


roducts) “~*(reactants) 


AS? = 188.8 J -mol` -K` — KEX J- mol- K`) +( $205.2 J- mol" x)| 


AS? =—44.5 J -mol -K7 


rxn 


The standard Gibbs free energy change is determined using these values at 298 K. 


AG? = AH” - TAS® = -237.1 kJ : mol”! — 098 K)(-44.5 J-mol!- K” f = al 


AG” =-223.8 kJ- mol” 


This equation is useful for determining the spontaneity of a process at temperatures other than the thermody- 
namic standard temperature, 298 K. The thermodynamic favorability of a process at one temperature can differ 
greatly from the favorability of the process at a different temperature. Consider the boiling of liquid water. This 
process is thermodynamically favored (AG° < 0) above 100 °C at atmospheric pressure, but it is thermodynami- 
cally disfavored (AG° > 0) at temperatures below 100 °C. 


Since standard enthalpies of formation are relatively constant across a wide range of temperatures, the tabulated 
enthalpies of formation and standard entropies can be used to predict whether or not a process is favorable at a 
given temperature. 


The standard molar Gibbs free energy for boiling water at 80 °C (353 K) and at 120 °C (393 K) can be calculated 
as examples. The pressure in both situations is 1 atm. 


H,O > H,0(g) 
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Substance | A, (k-mmoF') S° (J-molK") 


H,0() -285.8 
H,O(g) -241.8 188.8 


The values of AS° and AH®, are determined for the process. 


AH xn = LNAH (rodice) -2 nAH Meacan 
AH? = (1(-241.8 kJ - mol™)) — (1(—285.8 kJ - mol)) 
AH ‘n = 44.0 KJ : mol” 


rxn 


ASh = È Sip 
ASS, =188.8 J- mol” - K” — 70.0 J - mol” -K7 
AS? = 118.8 J- mol -K7 


oO 
roducts) LS, (reactants) 


These values are used to determine the Gibbs free energy change at the two different temperatures. 


At 80 °C (353 K): 


lk 
AG? = AH® — TAS? = 44.0 kJ - mol” — 05 K)(118.8 J mol”. K“ f i e z) 


AG? =2.1 kJ- mol” 
The positive change in Gibbs free energy indicates that boiling water is thermodynamically disfavored at 80 °C. 


At 120 °C (393 K): 


AG° = AH® -TAS° = 44.0kJ- mol" -|693 K)(118.8 J -mol - K* Lae 7) 


AG° = -2.7 kJ - mol” 


The negative value for the change in Gibbs free energy indicates that water boiling is a thermodynamically 
favored process at 120 °C. 


At equilibrium, the change in Gibbs free energy for a process is zero. This fact can be used to determine the tem- 
perature at which phase changes occur. 


At the boiling point of water at 1 atmosphere (the normal boiling point), liquid water is in equilibrium with water 
vapor. The values of AH® and S° have already been determined (44.0 kJ-mol' and 118.8 J-mol-K", respectively). 
The boiling point of water, T, can be determined by setting the change in Gibbs free energy to zero. 


AG’? = 0 = AH? - TAS” = 44.0 Kmo -| T(18 J- mol” A) 


T = 370 K 


This is very close to the true normal boiling point of water, 373 K. The difference between the two values can be 
accounted for by the slight differences in AH? and S° at temperatures other than 298 K. 


The signs of AH? and S° can be indicators of whether the change in Gibbs free energy of a process will be greater 
than or less than zero, as summarized below. The TAS term in the Gibbs free energy equation relates the tempera- 
ture to the spontaneity of a process. 
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AH — TAS = AG 


Negative Positive Negative at all temperatures. 
=, (+) Always thermodynamically 
favorable. 


Negative Negative Negative at low temperatures. 

(—) (—) Positive at high temperatures. 
Only thermodynamically favorable 
at low temperatures. 


Positive Positive Negative at high temperatures. 

(+) (+) Positive at low temperatures. 
Only thermodynamically favorable 
at high temperatures. 

Positive Negative Positive at all temperatures. 

(+) (—) Never thermodynamically 
favorable. 


PRACTICE: 


The following reaction is endothermic. Is it thermodynamically favorable at all temperatures, at high 
temperatures only, at low temperatures only, or at no temperature? 


2 CuCl (s) > 2 CuCl(s) + CL(g) 


The enthalpy change for an endothermic process is positive. 


This reaction also involves an increase in entropy, since a gas is formed from a solid. This means that AS is posi- 
tive and that TAS > 0. The higher the temperature, the larger the positive value that is subtracted from the 
enthalpy term, and the more negative the overall Gibbs free energy change becomes. The reaction will be thermo- 
dynamically favorable only at high temperatures. 


PRACTICE: 


Use the data provided to calculate the minimum temperature at which the decomposition of 
copper(II) chloride occurs according to the reaction in the previous practice problem. 


2 CuCl, (s) > 2 CuCl(s) + CL (e) 


Assume that the values of AH? and S° are independent of temperature. 


ao b = 


The enthalpy and entropy changes for the reaction are calculated first. 
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AA yxy = NAH f(products) ~ 2 nA fancies) 


AH? = (2(-137.2 kJ -mol™)) + (1(0 kJ- mol™)) — (2(-220.1 kJ - mol™)) 
AH? „ = 165.8 kJ - mol” 


ASrxn = 28S isdn es 
AS, = (2(86.2 J -mol` -K™')) + (1(223.1 J- mol - K™))— (2(108.1 J- mol -K“')) 
ASS = 179.3 J -mol K“ 


o 
S (reactants) 


Since both AH? „and AS? „ are positive, this process is spontaneous at high temperatures. The temperature at 
which this reaction changes from nonspontaneous to spontaneous is determined by setting AG? to zero. 


lk 
AG? =0 = AH? - TAS? = 165.8 kJ -mol™ — Tr (179.3 F-mol!- K* eee? J 


T =924.7K 


Electrochemistry and Gibbs Free Energy 


The thermodynamic favorability of an oxidation reduction reaction was shown in Big Idea 3 (Chapter 3, 
“Chemical Reactions”) to be a function of the value of the standard cell potential, E°. The relationship between 
the change in Gibbs free energy, AG°, and the standard cell potential is given on the AP Chemistry Equations and 
Constants sheet (pages 365-366). 


AG? = -nFF 


In this relationship, n is the number of moles of electrons transferred and F is Faraday’s constant, also given on 
the AP Chemistry Equations and Constants sheet (pages 365-366). 


A positive standard cell potential results in a negative change in Gibbs free energy. This corresponds to a thermo- 
dynamically favored process. A negative standard cell potential leads to a positive change in Gibbs free energy, 
indicating a thermodynamically unfavorable process. 


For example, the standard cell potential can be used to calculate the change in Gibbs free energy for the reaction 
of cobalt with iron(II) ions. 


Co(s) + Fe” (aq) => Co” (aq) + Fe(s) 


Half Reaction Standard Reduction Potential, E° (V) 


E 


EEF = 0.44 V — (0.28 V) = -0.16 V 


reduction oxidation 


The standard cell potential is then used to determine the Gibbs free energy change for this two-electron transfer. 
Notice that the conversion factor between volts and joules per coulomb is also given on the AP Chemistry 
Equations and Constants sheet (pages 365-366). 


AG° = -nFE” = -(2) 96,485 Z (0.16 Y) 1I e” = 31,000 J- mol” 
1 mol e 1y 
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The negative cell potential indicates the reduction of Fe**(aqg) by Co(s) is a thermodynamically unfavorable 
process. 


PRACTICE: 


Calculate the change in Gibbs free energy for the following unbalanced reaction in acidic solution. 


Ce* +T I, + Ce’ 


Standard Reduction Potential, E° (V) 


1.61 


Reduction of Ce* is occurring at the cathode, and oxidation of I, is occurring at the anode. In order to balance 
the overall equation, the reduction of Ce** is multiplied by 2. Overall, this reaction involves a two-electron trans- 
fer, so n = 2. For a review of balancing redox equations, see Big Idea 3 (Chapter 3, “Chemical Reactions”). 


2Ce* +2T 32Ce* +1, 


The standard cell potential is calculated from the half reaction reduction potentials. 


E° = E° E? scaation = 1-61 V — (0.53 V) = 1.08 V 


reduction _ oxidation 


This value is used to calculate the change in Gibbs free energy. 


AG =-nFE° =-(2) 96,485 £ (1.08 VY) 1I g” = —210,000 J- mol 
1 mol e 1y 


The negative AG? indicates a thermodynamically favorable reaction. 


Thermodynamically Unfavorable Processes 


Thermodynamically unfavorable processes occur in biological systems and technology. In order for a thermody- 
namically unfavorable process to proceed, energy must be supplied. Consider again the thermodynamically disfa- 
vored reaction in which copper is produced from copper(II) oxide. 


l 
CuO(s) > Cu(s) + 5028) AG° =129.7 kJ - mol” 


When this thermodynamically unfavorable process is coupled with a spontaneous process, the thermodynamically 
disfavored process becomes favorable. 


l 
CuO(s) > Cu(s) + 5 O2(8) AG? = 129.7 kJ - mol” 


C(s) + O,(g) > CO,(g) AG” = -394.4 kJ - mol” 


The overall change in Gibbs free energy for the reaction of copper(II) oxide with carbon is —135.0 kJ-mol", in 
contrast to 129.7 kJ-mol"' for the uncoupled process. This was discussed previously on page 247. 
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PRACTICE: 


The conversion of iron ore to pure iron is thermodynamically unfavorable at temperatures below 
about 1250 °C. The change in Gibbs free energy at 1225 °C is + 824.1 kJ-mol". 


2 Fe,0,(s) — 4 Fe(s) + 3 O,(g) AG = 824.1 kJ-mol!' 


The oxygen that is produced reacts with coke, a carbon-containing substance similar to charcoal. 


O,(g) + C(s) > CO,(g) AG = -397.8 kJ-mol”' 


What is the overall reaction and change in Gibbs free energy for the conversion of iron ore to pure 
iron in the presence of coke? Is the overall process thermodynamically favorable? 


The second equation and its associated AG value must be multiplied by a factor of 3 in order for carbon to react 
with all the O, produced in the first equation. When carbon is added to the iron(II) oxide, the decomposition to solid 
iron is thermodynamically favorable at 1225 °C. 


2 Fe,0,(s) > 4 Fe(s)+ 3 O£) AG = 824.1 kJ- mol"! 
3 C(s)+ 3058) > 3CO,(g) AG = 3(-397.8 kJ - mol) 
2 Fe,0,(s)+3 C(s) > 4 Fe(s) + 3 CO,(g) AG =-369.3 kJ- mol” 


Other technological methods are applied to nonspontaneous systems to make them thermodynamically favorable. 
Electrolysis reactions have negative standard cell potentials and positive Gibbs free energy changes. They do not 
proceed in the absence of an energy source because they are thermodynamically unfavorable. A battery is a device 
that provides the driving force for such a disfavored process. As was discussed in the electrochemistry section of 
Big Idea 3 (Chapter 3, “Chemical Reactions”), a battery, which is a galvanic cell or series of galvanic cells, can 
provide the driving force for the process of electrolysis. 


An example is the refinement of copper metal by electrolysis. An impure copper anode and a pure copper cath- 
ode are immersed in an aqueous solution of copper(II) sulfate. Oxidation of copper at the anode is produces cop- 
per ions in solution. The copper ions are reduced to pure copper at the cathode by coupling the reaction with an 
external power source provided by a spontaneous reaction. 


Coupled reactions are very important for the spontaneity of biological reactions. Many reactions in biology are 
thermodynamically disfavored and rely on the sharing of intermediates with thermodynamically favored pro- 
cesses. Adenosine triphosphate, ATP, is a common molecule used by living systems to provide energy for thermo- 
dynamically disfavored processes. ATP is hydrolyzed to ADP, adenosine diphosphate, and inorganic phosphate, 
P.. This is a thermodynamically favorable process with a AG° of —30.5 kJ-mol!". 


The Hydrolysis of ATP 
O 
ATP O ADP NH2 
So f NH2 O I P 
N 
- O m OAN 
= /\ ff Fae g SN {yf Hc? i ji 
O O—P HC || | +H,O — O /\ lt CH 
7N Yy C CH Oo o—CH, O NAN 
O o—CH, O N- yp ©) b r a SN i 
© Yar Sef 5 ma C—H 
M "E e a 
H—C—C—H | 
i | OH OH 
H OH O 
Oo_ 
/\ 
O OH 
© 
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One example of reaction coupling occurs in the first step of glycolysis in the cell. The uncoupled reaction is ther- 
modynamically unfavorable. 


Glucose + P, — glucose-6-phosphate + H,O AG? = 13.8 kJ-mol” 


By coupling this reaction with the hydrolysis of ATP, the cell drives the synthesis of glucose-6-phosphate. 


glucose + Pf — glucose-6-phosphate + H40 AG° = 13.8 kJ: mol” 
ATP+ BO > ADP+ K AG” = -30.5 kJ: mol” 
glucose + ATP — glucose-6-phosphate + ADP AG° =-16.7 kJ- mol” 


Photosynthesis, the thermodynamically unfavorable synthesis of glucose, C,H,,O,, from carbon dioxide and 
water, occurs in green plants. 


6 CO,(g)+ 6 H,O(/) 2» C,H,,0,(s) +6 O,(g) 


This reaction has a positive change in Gibbs free energy, AG° = +2872 kJ-mol". The plant cells absorb visible 
photons of light, which excite the electrons of pigment molecules to higher-energy states. The energy is trans- 
ferred through a complex system of receptor molecules to ultimately drive the synthesis of ATP. The cell can then 
use the ATP to provide the energy for the formation of glucose in photosynthesis. 


Kinetic Control 


As reviewed in Big Idea 4 (Chapter 4, “Kinetics”), the activation energy of a reaction determines its rate at a par- 
ticular temperature. Some thermodynamically favorable reactions do not occur at a measurable rate due to an 
insurmountable activation energy for a particular temperature. Factors such as activation energy and presence or 
absence of a catalyst have no effect on the Gibbs free energy change of a process. 


The conversion of diamond to graphite is thermodynamically favored. The Gibbs free energy of graphite is 
slightly lower than that of diamonds, but diamonds do not generally convert to graphite under familiar condi- 
tions. The reason for this is the very high activation energy for the reaction. This is an example of kinetic control. 


Kinetic Control 


Large activation energy 


C(graphite) 


Reaction Coordinate 
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Review Questions 


Multiple Choice 


Use the following reactions to answer questions 1-2. 


Reaction A H,O(g) > H,O(/) 
2 H,(g) + O8) > 2 H,0(s) 


Reaction C CaCO,(s) > CaO(s) + CO,(g) 
Reaction D Ag `(aq) + Cl (aq) > AgCl(s) 


1. For which of the reactions is the work done by the system less than zero (w < 0) at constant pressure? 


A. Reaction A 
B. Reaction B 
C. Reaction C 
D. Reaction D 


2. For which of the reactions is AS > 0? 


A. Reaction A 
B. Reaction B 
C. Reaction C 
D. Reaction D 


3. The temperature of a 12.0-gram cube of metal increases from 15.0 °C to 35.0 °C when 216 J of energy are 
added. Based on the following heat capacities, determine the identity of the metal. 


Element Heat Capacity (J-g™°C™) 


Aluminum 


tig E 


A. Aluminum 
B. Nickel 

C. Tin 

D. Lead 
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4. A block of iron at 95 °C is placed in thermal contact with a sample of gas that is initially at 28 °C. Which 
change best reflects the effect on the distribution of molecular speeds for the gas? 


A. B. 

8 2 

— 5 TAC: 

F g Initial 
© 

= Initial 2 Final 
Cji 

© i 

3 3 

E 5 

Z Z l 

Speed Speed 

C. D. 

2 Final Initial © | Initial Final 
a 2 

$ © 

s z 

E 5 

z Ẹ 

5 

Z 7 | 

Speed Speed 


5. A 25.0-mL sample of a 0.500 M solution of aqueous sodium hydroxide is added to a 25.0-mL sample of a 
0.500 M solution of aqueous hydrochloric acid in a coffee cup calorimeter. Both solutions are initially at 
22.5 °C. After mixing, the temperature of the combined solution reaches a maximum of 26.0 °C. Which 
statement is true? 
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A. 


B. 


The negative value of AH „ that can be calculated from this information is more negative than the 
true value. 

The positive value of AH „ that can be calculated from this information is more positive than the true 
value. 

The negative value of AH. that can be calculated from this information is less negative than the true 
value. 

The positive value of AH „ that can be calculated from this information is less positive than the true 
value. 


A 0.39-kg block of ice at 0 °C is added to 1.0 kg of water at 45.0 °C. Which statement best describes the 
process that occurs? 


A. 
B. 


C. 
D. 


The ice cools the water by transferring thermal energy to the surroundings. 

The water transfers heat to the ice to first melt it with no change in temperature and then to warm the 
resulting water. 

The water transfers heat to the ice to raise its temperature and then to warm the resulting water. 

The ice increases in entropy as it melts and the surroundings experience an increase in entropy as heat 
is transferred to the system. 


Which of the following mathematical statements are all true when solid water melts? 


SOAR 


AH <0, AV>0 
AH >0,AV>0 
AH <0,AV <0 
AH >0,AV <0 
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Use the following equations to answer questions 8—10. 


The combustion of methane occurs by the following reaction. 


CH,(g)+20(g) —> CO(g)+2H,O(g) AH? = -804 kJ/mol 


AP mot) 
TEE 
mE + Oe) > HOW 


C(graphite) + 20(g) > CO,(g) 
C(graphite) + 2H,(2) > CH,(g) 
2H(g) > He) C 


8. Which expression represents the heat of combustion of methane? 


vtwtxtytz 
—vtrwtx-ytz 
2vt+wtx-—yt2z 
-2y + 2w + x-y-2z 


napp 


9. Which of the values shown are greater than zero? 


w, x, and y only 

v and z only 

v, w, X, y, and z 

None of the values are greater than zero. 


SOR > 


10. How much heat is transferred when 0.010 mol of O, undergoes combustion with 0.010 mol of methane? 


8.04 kJ are released by the system 
8.04 kJ are absorbed by the system 
4.02 kJ are released by the system 
4.02 kJ are absorbed by the system 


SAW ep 
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11. Which of the following processes involves a decrease in entropy? 


12. 


13. 
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The sodium-potassium pump is a trans-membrane protein that transports potassium into a cell and 
sodium out of a cell. This process is thermodynamically unfavorable. Hydrolysis of ATP to form ADP by 
the protein is necessary for potassium transport to occur. Based on this information, what is the most likely 
explanation for the ability of the protein to function? 


A. 


B. 
C: 


D. 


The hydrolysis of ATP to form ADP is thermodynamically unfavorable, and the overall Gibbs free 
energy change for the process is positive. 

The change in Gibbs free energy for the conversion of ADP to ATP is zero. 

The hydrolysis of ATP to ADP by the trans-membrane protein has a negative change in Gibbs free 
energy, making the overall process thermodynamically favorable. 

The higher sodium concentration outside the cell is favored by the resulting increase in the entropy of 
the system and decrease in the enthalpy of the surroundings. 


An electrochemical cell was constructed with a tin electrode and tin(II) nitrate at the cathode and a silver 
electrode and silver nitrate at the anode. Which statement regarding this system is true? 


SOM pe 


Half Reaction E? (V) 


The cell is galvanic and AG® > 0. 
The cell is galvanic and AG? < 0. 
The cell is electrolytic and AG’? > 0. 
The cell is electrolytic and AG? < 0. 
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14. The sketch below is a representation of the steps involved in the dissolution of a solid solute in a liquid 
solvent. For which (if any) of the steps is AH < 0? 


Solute Solvent 


Solution 
A. StepA 
B. Step B 
C. StepC 
D. AH <0 for all three steps 
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Questions 15—16 refer to the heating curve shown below. 


Temperature 


Energy 


15. For which region on the heating curve does the heat transfer equal mc,,AT? 


A. Region A 
B. Region B 
C. Region C 
D. Region E 


16. The heat of vaporization for a substance is the amount of energy that must be supplied to convert a 
substance from the liquid to the vapor phase. The length of which region of the curve is given by nA H? ap? 


A. Region A 
B. Region B 
C. Region C 
D. Region D 


17. At 298 K, which reaction below represents the standard formation reaction of MgCrO,(s)? 


Mg” (aq) + CrO, (aq) — MgCrO,(s) 
Mg(s) + Cr(s) + 4 O(g) — MgCrO,(s) 
MgO(s) + CrO,(s) > MgCrO,(s) 
Mg(s) + Cr(s) + 2 O,(g) > MgCrO,(s) 


Sa > 


18. When ammonium chloride is dissolved in water at room temperature, the final temperature of the solution 
is significantly lower than the initial temperature. Which of the following is true? 


The dissolution is thermodynamically favorable under all conditions. 

The dissolution is thermodynamically favorable only at low temperatures. 
The dissolution is thermodynamically favorable only at high temperatures. 
The dissolution is thermodynamically unfavorable under all conditions. 


Sap 
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19. The following is a representation of a system undergoing a change at constant temperature. Select the 
answer that best describes the heat and work involved in this process. 


oS oo 


A. ¢g>0,w>0 
B. g>0,w<0 
C. ¢g<0,w<0 
D. g<0,w>0 


20. Consider the reaction between isooctane, a component of gasoline, and oxygen gas. 


2 C,H, (J) + 25 O,(g) > 16 CO,(g) + 18 H,O(g) 


When gasoline is exposed to oxygen at room temperature, no reaction occurs. Which of the following is the 
best explanation for this observation? 


The activation energy for the reaction is too high for the reaction to occur at this temperature. 
A catalyst is necessary in order for this reaction to occur. 

The change in enthalpy for the oxidation of isooctane is negative. 

The change in entropy for the oxidation of isooctane is positive. 


SAM ep 


Long Free Response 


1. Ethylene gas, C,H,, can undergo hydrogenation, an addition reaction in which hydrogen gas is added in the 
presence of a heterogeneous platinum catalyst. This reaction produces ethane, C,H,. 


Use the thermodynamic data provided to answer the following questions. 


AG, mod 

CH 
mo dio 
CH 
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a. i. Draw Lewis structures for C,H, and C,H, in the boxes below. 


ii. Write and balance the equation for the hydrogenation of C,H,. 
b. Calculate the change in enthalpy associated with the hydrogenation of ethylene gas under standard 
thermodynamic conditions. 
c. i. Calculate the standard change in Gibbs free energy for the reaction. 
ii. Calculate the change in entropy associated with the hydrogenation of ethylene gas at 298 K. 
d. Calculate the change in Gibbs free energy for the transformation at 100 °C, assuming AH? and AS® 
are temperature-independent. 
e i. Whatis the purpose of the catalyst in this reaction? Include in your answer a brief description 
of how the catalyst achieves this purpose. 
ii. Explain the effect, if any, of the catalyst on the Gibbs free energy change for the reaction. 


Short Free Response 


2. When white phosphorus under an atmosphere of oxygen at 25 °C is touched with a hot wire, the following 
reaction occurs with evolution of heat and bright white light. 


P,(s) + 5 O,(g) > 2 P,O.(s) 


a. Predict the sign of AS° for the system and discuss how you arrived at your prediction. 

b. What is the sign of AG° and how would AG change as the temperature of this reaction is increased 
from 25 °C? Justify your response. 

c. Is the potential energy of the reactants higher or lower than that of the products? Explain your 
answer. 

d. When the reactants are placed together at room temperature, no observable reaction takes place until 
the hot wire touches the phosphorus. Explain why this is true. 


3. A student constructed a coffee cup calorimeter in order to determine the enthalpy change for the reaction 
of ammonia, NH,(aq), and hydrochloric acid, HCl(aq). 


When 50.0 mL of 2.00 M aqueous NH, were added to 50.0 mL of 2.00 M aqueous HCl in the calorimeter, 
the temperature reached 33.1 °C. Both solutions were initially at 23.0 °C. 


Assume that the density of all solutions is 1.00 g-mL" and the heat capacity of all solutions is the same as 
that of water, c = 4.18 J-g °C". 


a. Write the net ionic equation for the reaction. 

b. What is the enthalpy change in kilojoules per mole of reaction? Assume that the heat transferred 
between the system and the surroundings is negligible. 

c. Would the calculated value for the enthalpy change be higher or lower than the actual value if a 
significant amount of heat transfer occurred between the solution and the calorimeter? Discuss your 
response. 
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d. The student uses chemical literature resources to find the standard molar enthalpy of reaction for an 
aqueous acid-base reaction. 


H*(aq) + OH (aq) > H,O() AH? = -54 kJ-mol'! 


Using this information and the information in parts a and b, determine the enthalpy change for the 
reaction below. 


NH,(aq) + H,O() — NH, (aq) + OH (aq) 
Answers and Explanations 


Multiple Choice 


1. C. (EK 5.B.1) A negative value for work indicates that the system is doing work on the surroundings. Since 
w = -PA V, the final volume of the system must be greater than the initial volume. Reaction C is the only 
choice in which there is a greater number of gaseous products than gaseous reactants, so it is the only one 
in which the system experiences an increase in volume and, therefore, does work on the surroundings. 


2. C. (EK 5.E.1) The change in entropy of the system for Reaction C is greater than zero because there is a 
greater number of gaseous products than gaseous reactants. In all the other choices there are either fewer 
moles of gaseous products than gaseous reactants (Reactions A and B) or, in the case of Reaction D, the 
dispersion of the particles of the system decreases as they are converted from dissolved solutes to a solid. 


3. A. (EK 5.A.2) The heat capacity of the block of metal can be found by rearranging the equation for heat 
transfer, g = mcAT. 


21 
a ee Te ee ae. 
mAT (12.0 g)(20 °C) 
This is the heat capacity of aluminum (choice A). Without a calculator, one suggestion for estimating this 
value is to start by expanding the numerator and the denominator. 


Z(108) _ (10.8) 11 


(12X210) (12X4) 12 


. . 11 
The numerical heat capacity value of 0.90 is the closest choice to T 


4. B. (EK 5.A.1, 5.A.2) When the hot object is placed in thermal contact with the gas, heat will be transferred 
from the object to the gas. This will cause the average kinetic energy to increase, and this will be reflected in 
the Boltzmann distribution as higher velocities for the gas molecules in addition to a more dispersed 
distribution of molecular speeds. 


5. C. (5.B.2, 5.B.3, 5.B.4) The increase in temperature shows that the reaction is exothermic. An exothermic 
reaction has a negative enthalpy change, AH < 0. Because some of the heat given off by the reaction is lost 
to the calorimeter and the surroundings, the temperature change that is measured is artificially low. This 
results in a less negative enthalpy change than the actual AA for the reaction, as calculated using 


AH xy = ea = ~ Soin = i 


6. B. (5.B.2, 5.B.3) The energy that is transferred to the ice from the warm water only melts it. It does not 
cause the temperature of the 0 °C water to increase until all of the solid water has been converted to liquid 
water. 


7. D. (EK 5.C.2, 5.D.2, 5.E.1) When ice melts, it undergoes an increase in enthalpy, so AH > 0. Since solid 
water is less dense and contains more open space than liquid water, AV < 0. 
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10. 


11. 


12. 


13. 


14. C 


15. 


16. 
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D. (EK 5.C.1, 5.C.2) The reactions must be arranged so that their sum results in the overall chemical 
equation. If the reaction is reversed, its enthalpy sign is reversed. If the coefficients are multiplied by a factor, 
its enthalpy is also multiplied by that factor. It is simplest to begin with the reaction that contains CH,,. 


CH,(g) > C(graphite) + 2Hy(gy -y 
C(graphite) + 20g) > CO, (g) x 
2[0,(g) > 2065] -2y 
AHA) > 2H6)] —2z 
2[ 2H) + Of) >H,O(g)] 2w 


CH, (g) + 20,(g) —> CO,(g) + 2H,O(g) AH =-2v+2w+x-y-2z 


D. (EK 5.D) As the reactions are written, all have enthalpy changes that are less than zero. Energy is 
released when bonds are formed, corresponding to negative values of AH. 


C. (EK 5.B.3, 5.C.2, 3.A.2) The limiting reagent can be determined by determining which reactant leads to 
the smaller quantity of released energy. Since the energy is released, the value of AH is negative. 


0.010 moO, x = 2 


Oxygen is the limiting reagent, and 4.02 kJ of energy are released. 


B. (EK 5.E.1) The diagram in choice B shows a system that is increasing its organization. This is a greater 
dispersal of matter in the initial diagram than there is in the final diagram, so the entropy change is negative. 


C. (EK 5.E.4) Reactions that are thermodynamically unfavorable, like the transport of potassium into the 
cell against its concentration gradient, can be driven by coupling to another source of energy. Since the 
reaction is coupled to the hydrolysis of ATP, the hydrolysis reaction must have sufficiently negative Gibbs 
free energy to overcome the positive free energy of the transport. 


C. (EK 5.E.4) Because the tin electrode is the cathode and the silver electrode is the anode, the cell 
potential can be calculated using the standard reduction potentials. 
E? = E 


— E? —0.83 V - (1.07 V) = -1.9 V 


cell cathode T = 


The standard cell potential is negative, so the reaction is thermodynamically unfavorable. This is an 
electrolytic cell with AG > 0. 


. (EK 5.D.1) Step C is the only step in which intermolecular attractions are causing particles to move 
closer to one another. As particles approach one another as the result of intermolecular attractions, 
potential energy decreases and the process is exothermic (AH < 0). 


C. (EK 5.B.3) Region C shows the rise in temperature that occurs as energy is added to the liquid phase of 
the substance. The heat transferred to or from the substance in the liquid phase is given by 


q =m CtiquiaA T 


D. (EK 5.B.3) Region D shows the plateau in temperature that occurs as added energy causes the liquid 
phase of the substance to be converted to gas. The amount of heat required to vaporize a given number of 
moles of the liquid is given by 


q= nAH ap 
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17. D. (EK 5.C.2) The formation reaction for a compound is the reaction that forms the compound in its 
thermodynamic standard state (at 1 atmosphere of pressure and 298 K) from its constituent elements in 
their thermodynamic standard states. 


18. C. (EK 5.E.3) It is apparent from the decrease in the temperature of the solvent as ammonium chloride 
dissolves that the dissolution is endothermic and AH > 0. Dissolution increases the dispersion and 
disorganization of the materials, so AS > 0. The dissolution is thermodynamically favorable under 
conditions in which AG < 0. The Gibbs free energy change is negative according to AG = AH — TAS when 
the temperature is high. 


19. B. (EK 5.B.1, 5.D.1) It is apparent that work is being done on the surroundings by the system and that w < 
0 because the volume of the sample is increasing at constant temperature. Energy is required to disrupt the 
intermolecular forces between the molecules as the substance is converted from liquid to gas, so heat is 
absorbed by the system, g > 0. 


20. A. (EK 5.E.5) The combustion of isooctane is thermodynamically favorable. It does not occur at room 
temperature, however, because the reactant molecules do not have sufficient energy to overcome the 
activation barrier for the reaction. 


Long Free Response 
1. a.i. (EK 2.C.4) The Lewis structures of C,H, and C,H, are shown. 


ii. (EK 3.A.1) The balanced chemical equation for this reaction is 
P 
C,H,(g)+ H,(g) “> C,H.) 


b. (EK 5.C.2) The enthalpy change for the process can be determined from the difference between the 
sums of the bond energies of reactants and products. 


AH „= È bond energies of reactants) — (x bond energies of products) 


AH... = [(1 x 612 kJ-mol") + (4 x 412 kJ-mol) + (1 x 436 kJ-mol”)] — [(1 x 348 kJ-mol”) + (6 x 412 
kJ-mol’)] 


AH, = —124 kJ-mol”' 
c. i. (EK 5.E.3) The standard change in Gibbs free energy can be found using the equation 


AGixn =x NAG roroducts) — LAG; 


f(reactants) 
AG xn =| (1(-32.0 KJ - mol") |- | (168.4 kJ- mol) + (1(0.0 kJ - mol) | 
AG? = -100.4 kJ- mol! 


rxn ` 
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ii. (EK 5.E.1, 5.E.3) The value of AS? can be determined by rearrangement of the equation for the 
change in Gibbs free energy. 
AG’ = AH’ - TAS® 


o 0 a ee ee . -l 
age = AGC -AH° _ -100.4 kJ- mol” -(—124 kJ: mol) __ 4 0792 KJ. mol. K- 
-T —298 K 


d. (EK 5.E.3) A temperature of 100 °C equals 373 K. 


AG = AH -TAS = (-124 kJ : mol`’) — | (373 K)(- 0.0792 kJ - mol! - K“ )| = —94 kJ- mol” 


e. i. (EK 4.D.1) The purpose of the catalyst is to increase the rate of the reaction by providing an 
alternative mechanism with a lower activation energy than the uncatalyzed reaction. 


ii. (EK 4.D.1, 5.E.3) The catalyst has no effect on the change in Gibbs free energy because it has no effect 
on AH? or AS°. It affects only the energy of the transition state for the reaction, which alters the rate, 
not the thermodynamic favorability. 


Short Free Response 


2. a. (EK 5.E.1) The standard entropy change is likely to be negative because the number of moles of gaseous 
reactants is greater than the number of moles of gaseous products. This corresponds to a decrease in 
dispersion of matter. 


b. (EK 5.E.3) The reaction is thermodynamically favorable since it proceeds in the direction that is written. 
For a spontaneous process, the standard change in Gibbs free energy, AG®, is negative. The reaction is 
also exothermic since it gives off heat. Since AH < 0, AS < 0, and AG = AH — TAS, the reaction becomes 
less spontaneous (AG becomes more positive) as the temperature increases. 


c. (EK 5.C.2) The reaction is exothermic, which means that less energy is consumed when bonds in the 
reactants are broken than is released in the process of new bond formation. The potential energy of 
reactants is greater than that of products. 


d. (EK 5.E.5) The reactants do not have sufficient energy to overcome the activation barrier until their 
energy is increased by contact with the hot wire. Once the reaction is initiated, it proceeds spontaneously. 


3. a. (EK 3.A.1) Ammonia is a weak base. It reacts with a strong acid to form an ammonium salt. The overall 
equation is 


NH (aq) + HCl(aq) > NH,Cl(aq) 


The total ionic equation is 
NH, (aq)+H*(aq)+ Cl-fag) —> NH, (aq)+ aag) 


The net ionic equation is 
NH. (aq) + H*(aq) > NH, (aq) 
b. (EK 5.B.4) The total mass of the solution is given by 
50.0 mL + 50.0 mL = 100.0 mL of the final solution 


100.0 mL x 1:228 
1 mL 


= 100.0 g 
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The number of moles of either reactant is 


50.0 mE x—l Æ 2.00 mol _ 9 199 mol 


X ——— 
1000 m 1K 


The heat, q, given off by this reaction divided by the number of moles, n, of either reactant or the 
number of moles of product formed is equal to the enthalpy change for the process. 


din _-mcAT _ -(100.0 gX(4.18 J- g” -2E1831 2E -23.0 2€) 1K | 
AH ,, = = —— = ——— oo l Ly = —42 kJ- mol 
n n 0.100 mol 1000 J 


c. (EK 5.B.4) The calculated value of the enthalpy change is less negative (higher) than the actual value 
because some of the heat released in the reaction is absorbed by the calorimeter and does not result in a 
temperature change for the solution. 


d. (EK 5.C.2) The equation illustrating the reaction of NH,(aq) with H*(aq) can be added to the reverse of 
the equation illustrating the reaction of OH (aq) with H” (aq) to result in an equation representing the 
overall reaction in question. The sum of the enthalpies results in the enthalpy change for the overall 
reaction. 


NH, (aq) + Haq) > NH,‘ (aq) AH =-42 kJ: mol”! 
H,O) > Haq) + OH (aq) AH =(-1)(—54 kJ: mol`’) 
NH, (aq) +H,O(/) — NH,‘ (aq) +OH (aq) AH =12 kJ: mol" 
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Chemical Equilibrium (Big Idea 6) 


Big Idea 6: Chemical reactions are reversible and 
proceed to equilibrium, the condition in which the 
rate of the forward reaction and the rate of the 
reverse reaction are equal 


Although some chemical reactions proceed almost to completion, most do not completely convert reactants to 
products. In addition, the forward and the reverse reactions occur simultaneously. When this is the case, a 
reaction is said to be reversible. 


An example of a reversible process is the freezing and melting of water. A sample of water will freeze when the 
temperature drops below 0 °C at one atmosphere, and it will melt when the temperature rises above 0 °C. 
An equilibrium arrow denotes reversibility. 


H,O() = H,0(s) 


Another example of a reversible reaction is one in which a messenger molecule binds reversibly to a receptor in a 
cell. The binding of the messenger causes a change in the receptor that causes a biochemical signal in another 
portion of the organism. When the messenger molecule is released, the signal stops. 


Neurons, or nerve cells, for example, release acetylcholine, a small molecule that binds reversibly to protein 
receptors on the cell membrane of other neurons. The binding of acetylcholine causes an ion channel to open in 
the protein, transmitting a signal to the neuron. The signal is terminated when the acetylcholine is released and 
the ion channel closes. 


Chemical Equilibrium 


Chemical equilibrium is the stable state in which a reversible reaction is occurring with equal rates in the forward 
and reverse directions. The reaction has not stopped; the molecules are continually reacting, but the 
concentrations of reactants and products are no longer changing. 


Consider the following reversible reaction. 
A+B=C 


Suppose reactants A and B are combined in a reaction vessel. The reaction begins to proceed with a faster rate in 
the forward direction than in the reverse direction. 


A+BoOC 


As C forms, it converts back to A and B in the reverse direction, but until equilibrium is established, the rate of 
this reverse reaction is slower than the rate of the forward reaction. 


CoA+B 


As equilibrium is approached, the rate of the forward reaction slows and the rate of the reverse reaction increases 
until equilibrium is reached. At equilibrium, the rates of the forward reaction and reverse reaction are equal and 
the concentrations have stopped changing. 
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The Disappearance of A and Appearance of C 
as Equilibrium Is Established 


Time at which equilibrium is reached 


-[C] 


Concentration 


Time 


The Equilibrium Constant 
Consider the following equilibrium reaction. 
aA + bB = cC + dD 


The equilibrium constant, K., for this reaction is related to the equilibrium concentrations (denoted by the 
subscript, c) of the reactants and products at a particular temperature by the mass action expression. (Note that in 
the K, expression, each concentration is raised to the power of its coefficient in the balanced chemical equation.) 


[CDY 
° [AY 


The equilibrium constant is determined experimentally for a reaction. For a given reaction, only a change in tem- 
perature can change the equilibrium constant. The equilibrium constant is independent of the initial concentra- 
tions of reactants and products. 


Only dissolved aqueous substances and gases appear in the mass action expression. For the purposes of AP 
Chemistry, no solids or liquids contribute to the expression, and the equilibrium constant is unitless. 


PRACTICE: 


Write the mass action expression, K, for the reaction between nitrogen gas and hydrogen gas to form 
gaseous ammonia. 


The balanced chemical equation is 
N,(g) + 3 H,(g) = 2 NH,(g) 


The mass action expression is 


K, -NBP 
IN, IIH, ] 


For a reaction in which K > 1, products are favored over reactants at equilibrium. For a reaction in which K < 1, 
reactants are favored over products at equilibrium. 
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Often the equilibrium constant is used to determine equilibrium concentrations of the species in the reaction. For 
example, suppose 3.00 moles of A, are added to 3.00 moles of B, in a 1.00-L container. The reactants A, and B, 
form the product AB. The equilibrium constant at this temperature, K, is 25.0. 


A, +t B, = 2 AB 


a 
” [A,]B,] 


A R.I.C.E. table, which is a tool that can be used to determine equilibrium concentrations, is an appropriate 
method. R.I.C.E. stands for reaction, initial concentration, change in concentration, and equilibrium concentra- 
tion. 


At the beginning of the reaction, the molarities of the reactants, [A,] and [B,], are known to be 3.00 M. There is 
no product, so initially [AB] is zero. Let x equal the magnitude of the decrease in the molarities of A, and B,. 
According to the stoichiometry of the reaction, the concentration of AB increases by +2x. In other words, the 
concentration of AB increases twice as much as the concentration of A, or B, decreases. 


— ae e a 


(Change sts—~—S 


Equilibrium so 00-—x z 00 — x 
Concentrations (M) 


The equilibrium concentrations are substituted into the mass action expression. 


_ [AB 

[A ,][B_] 
(2x) 

(3.00-—xy 


25.0 = 


In this example, x is determined by taking the square root of both sides of the equation. 


J25.0 = (2x) 


(3.00—xy 
siis 
3.00- x 
15.0- 5.00x=2x 
15.0 =7.00x 
x=2.14 (2.142857143) 


The unrounded value of x is used to calculate [A_], [B,], and [AB]. 


[A] = [B,] = 3.00 M - x = (3.00 — 2.142857143) M = 0.86 M 
[AB] = 2x = 2(2.142857143 M) = 4.29 M 


The equilibrium expression is not always as easily solved as in the example above. In some problems, it is 
necessary to use the quadratic formula or perform even more labor-intensive operations in order to solve for x. 
This is extremely unlikely to ever be the case on the AP Chemistry exam. It is much more likely that problems 
resembling the following practice question will appear. 
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PRACTICE: 


A 5.00-mole sample of SO,(g) is placed in a rigid, evacuated 10.0-L container at 1000. K. When the 
reaction reaches equilibrium, the amount of SO,(g) has decreased to 3.18 moles. What is K, for the 


reaction at this temperature? 


2 $O,(g) = O,(g) + 2 SO,(g) 


Because the volume of the container is 10.0 liters, the initial concentration of SO,(g) is 


5.00 mol 
[SO; ]; tial = 00L = 0.500 M 
The final concentration of SO,(g) is 
3.18 mol 
[SO; lsn] = “10.0L_ = 0.318 M 


The R.I.C.E. table can be constructed to determine the equilibrium concentrations of the products. 


[Initial Concentrations (M) [0.500 fo [0 | 


Equilibrium 0.318 x 2x 
Concentrations (M) 


There is enough information about the change in [SO,] to solve for x. 


0.500 —2x = 0.318 
0.182 =2x 
x = 0.0910 


The equilibrium concentrations are as follows. 


[SO,] = 0.500 — 2x = 0.318 M 
[O] = x = 0.0910 M 
[SO,] = 2x = 2(0.0910) = 0.182 M 


The equilibrium constant, K,, is determined using the equilibrium concentrations. 


g- So _ (OOR OOR Pe 
[SO,] (0.318) 


Other forms of the equilibrium constant are also useful. For reactions in the gas phase, it is sometimes 
appropriate to determine an equilibrium constant, K,, as a function of the partial pressures of the reactants and 
products. A R.I.C.E. table involving K, should contain the partial pressure values for the reactants and products. 


a A(g) + b Big) = c C(e) + d D&g) 


PEP’ 
Ky = = D- 
P,' P, 


271 


Chapter 6: Chemical Equilibrium (Big Idea 6) 


PRACTICE: 


At 2117 K, the reaction of carbon dioxide with graphite proceeds with an equilibrium constant, K,, of 
8.60 x 10°. Under equilibrium conditions in which the partial pressure of CO(g) is 4.15 atm, what is 
the partial pressure of CO,(g)? 


C(s) + CO8) = 2 CO(g) 


Graphite is a solid, so it is ignored, and the mass action expression for this reaction is 


P 2 
K, = CO 
P 
CO, 
Po 2 
poa SO aoi aun 
2 K, 8.6010 


Variations of the Equilibrium Constant 


When equations representing chemical reactions are reversed, multiplied, and added, their equilibrium constants 
must be manipulated to reflect the new equations. When the equation of a reaction is reversed, for example, the 
new equilibrium constant is the reciprocal of the equilibrium constant for the original direction. 


_ [AB] 


— where K = 
A + B SS AB forward [A][B] 


D AIB] pa 
AB > A+B K reverse = TAB] T B rad 


When an equation for a reaction is multiplied by a factor, its equilibrium constant is raised to the power of that 
factor. 


[AB] 
A+B = AB where K, =———— 
' [AJB] 
2 
2A+2B 2AB KÇ, -= [AB]__ x 
[A] [B] 


When two equations representing two chemical reactions are added, the equilibrium constant for the resulting 
equation is the product of the equilibrium constants of the constituent reactions. 


A+B = AB where K, ALABI, 
[A][B] 
AB = C+D where K, - [CID] 
[AB] 
A+B = C+D K = [CD] = K, ; 
[A][B] 
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PRACTICE: 


Calculate the equilibrium constant for reaction 1, illustrated by the following equation: 


reaction | equation: A,—=At+A, 


using the information given for reactions 2 and 3, illustrated by the following equations: 


reaction 2 equation: AB+A => A,B 
reaction 3 equation: A,+AB = A,B+A, 


The reverse of equation 2 added to equation 3 results in equation 1. The reciprocal of the equilibrium constant 
for reaction 2 is multiplied by the equilibrium constant for reaction 3. 


AB = AB+A K =4.5"' 

A, + AB = AB +A, K,=3.1 

A, A +HA, KEK XK. 
= 0.69 


Measuring the Equilibrium Constant 


Equilibrium constants are determined experimentally by measuring the relative amounts of reactants and prod- 
ucts at equilibrium. A common laboratory exercise is the measurement of the equilibrium constant for the reac- 
tion between iron(III) ions, Fe**, and thiocyanate ions, SCN™. The product that is formed, FeSCN”*, is red, and 
its concentration can be determined by spectrophotometry. 


Fe™ (aq) +SCN (aq) => FeSCN”* (aq) 
_ [FeSCN**] 
° [Fe** [SCN] 


PRACTICE: 


A student generated a standard calibration curve for the concentration of FeESCN~* using a 
spectrophotometer. The student then mixed 5.0 mL of 2.00 x 10° M Fe(NO,), with 5.0 mL of 2.00 x 
10° M KSCN. 


When the color stopped changing, the student determined that the concentration of FESCN** was 
1.3 x 10* M. What is the equilibrium constant, K., for this reaction? 


The initial concentrations of Fe** and SCN’, immediately after mixing the two solutions and before any reaction 
has occurred, can be determined using the dilution formula. 


The initial concentration of Fe**, before mixing the two solutions, was 2.00 x 10° M, and the initial volume was 
5.0 mL. The final volume of the solution is 10.0 mL. 
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M initial xF M Final XF final 
(2.00x10° M)(5.0 mÝ )= M 54 (10.0 mE) 
-3 
M; a =1.0x10° M 


The initial concentrations of Fe** and SCN’ are equal. A R.I.C.E. table is used for the determination of the equi- 
librium concentrations. 


oe 


Equilibrium 8.7 X LO” 8.7 x 10° 1.3 x 10" 
Concentrations (M) 


The equilibrium concentrations are used to determine the equilibrium constant. 


[FeSCN**] _ (1.3x10%) 


7 a ea 0 
° [Fe**]ISCN7] (8.7 10~“)(8.7 x 10%) 


The Reaction Quotient 


The reaction quotient, Q, is a measure of how different the mass action ratio of reactants and products are from 
the equilibrium value at a given temperature. Comparison of Q with K indicates the direction in which the reac- 
tion must proceed in order to reach equilibrium. The reaction quotient is calculated in the same manner as K, 
except that actual concentrations are used (not necessarily equilibrium values). 


The reaction quotient can be compared with K to determine whether a reaction will shift toward products or 
reactants to reach equilibrium: 


= When Q > K, the reaction shifts toward reactants. The rate of the reverse reaction is greater than the rate of 
the forward reaction until equilibrium is established. 


= When Ọ < K, the reaction shifts toward products. The rate of the forward reaction is greater than the rate 
of the reverse reaction until equilibrium is established. 


= When Ọ = K, the reaction is at equilibrium. At equilibrium, the rates of the forward and reverse reactions 
are equal. 


The Relationship Between Q and K 


2A B 
=A [B] 
K = —> = 0.75 
on 9 [Ay 
= 2 3 
0.028 o> 0.125 = = 0.150 
O99 Q 
e Q 
O QO > Oal o ə 
Reaction React Reaction 
hifts toward wi a shifts toward 
sii at equilibrium 
products (0 =K) reactants 
(Q < K) (Q > K) 
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PRACTICE: 


The equilibrium constant, K, for the reaction of CO(g) with Cl,(g) at 1000. K is 2.9 x 10°. 


CO(g) + CLE) = COCL,(g) 


The partial pressures of the gases are as follows: 


P-o = 0.40 atm 
Poy, = 0.60 atm 


E 


coc, = 9.020 atm 


Will the reaction shift to produce reactants or products? 


The equilibrium quotient, Q, must be calculated and compared with K,. 


P 
Q= coc, _ _ (0.020) -83x102 
Fcofo, (0.40)(0.60) 


Because Q > K, the reaction shifts toward reactants until equilibrium is established. 


Le Chatelier’s Principle 


When a change is made to a system at equilibrium, the system will respond in a way that re-establishes the 
equilibrium. This is Le Chatelier’s principle, and it is used to make qualitative predictions about how a system will 
react to stress. Alterations in conditions that shift a system from equilibrium include addition or removal of a 
reactant or product or a change in pressure if gases are produced or consumed. A change in temperature causes 
the equilibrium constant itself to change, but Le Chatelier’s principle can still be used to qualitatively predict the 
effect of a change in temperature on a system. 


Concentration Changes 


When a reactant or product is added to a system at equilibrium, that reactant or product will be consumed until a 
new equilibrium state is reached. It is sometimes said that the reaction “shifts away” from the added species. For 
example, if compound A is added to the following reaction at equilibrium, C will be produced and A and B will 
be consumed until equilibrium is reached. 


A+BHC 


Likewise, if a reactant or product is removed from a system at equilibrium, the system will produce more of that 
reactant or product until equilibrium is re-established. The system “shifts toward” the removed species. 
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PRACTICE: 


Hypochlorite, ClO", decomposes to form chloride, CT, and chlorate, ClO, , in aqueous solution. 


3 ClO(aq) = 2 Cr (aq) + CIO, (aq) 


A 1.0-L solution of hypochlorite is allowed to reach equilibrium at 25 °C. The concentrations of the 
three species in a reaction vessel are determined to be [C10] = 1.0 x 10° M, [C1] = 2.0 M, and 


[ClO,] = 2.5 M. 


(a) Without doing any calculations, predict whether the system will shift toward reactants or products 
when 0.5 mole of NaCl is added to the solution. 


(b) Calculate K, and Q for the reaction and state whether these calculated values support the 
prediction made in part (a). 


(a) Upon its addition to the solution, the NaCl dissociates into Na” and Cl. While the Na” ions do not have 
any effect on the equilibrium, the Cl ions do. According to Le Chatelier’s principle, addition of one of the 
products (CI) to the reaction vessel will cause the reaction to shift toward reactants in order to re-establish 
equilibrium. 


(b) The value of K, is 


A — -5 =1.0«10” 
[C107] (1.0x10°) 


The added 0.5 mole of CI results in a new CI concentration of 2.5 M. The value of Q is 


_ [cr l[clo, ] : (2.5)°(2.5) 


— 5 =1.6x107 
[C107] (1.0x10°) 


Q 


Because Q > K,, the reaction will shift toward reactants as predicted. 


Pressure Changes 


If a container containing a reaction that produces or consumes a gas is compressed, the system will respond by 
shifting in the direction that reduces the number of moles of gas present. For example, assume that A, B, and C 
are all gaseous species. An increase in the pressure in the reaction vessel will cause the reaction to shift toward 
products, and the total number of moles of gas present will decrease. Notice that the increase in pressure in this 
case is due to a decrease in the volume of the container. 


A+tBHC 
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The Effect of Increased Pressure on a Gaseous Equilibrium 
Q ^ 


()B A+B ao C 


PRACTICE: 


For the reactions below, predict the direction that the reaction will shift as a result of an increase in 
pressure. 


(a) 2 Cl (2) + O,(g) = 2 Cl,O(g) 


(b) H,(g) + L(g) = 2 HI(g) 
(c) CH,(g) + H,O(g) = CO(g) + 3 H,(g) 


An increase in pressure causes a reaction to shift toward the side with fewer gas molecules. Due to an increase in 
pressure, reaction (a) will shift toward products, reaction (b) will undergo no change, and reaction (c) will shift 
toward reactants. 


Tip: It should be noted that addition of an Inert ideal gas to a system at constant volume will not shift the 
equilibrium since it has no effect on the concentrations or partial pressures of the other gases present. 


Temperature Changes 


An equilibrium constant for a reaction is specific for a particular temperature. A change in the temperature of a 
system (unlike a change in concentration or pressure) changes the value of the equilibrium constant. 


An endothermic reaction consumes heat. Therefore, heat is treated like a reactant. So, adding heat to raise the 
temperature is like adding a reactant: It shifts the reaction toward products. This causes an increase in the value 
of the equilibrium constant. On the other hand, an exothermic reaction produces heat. Therefore, heat is treated 
like a product. Adding heat to raise the temperature is like adding a product: It shifts the reaction toward reac- 
tants. This causes a decrease in the value of the equilibrium constant. 


Note: It is very important to remember that ONLY temperature changes affect the value of K. 
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The Effect of Temperature on Equilibrium 
Endothermic: Exothermic: 
Energy + A+B > C A+B — C+ Energy 


Heating causes the Heating causes the 
equilibrium to shift toward the equilibrium to shift toward the 
products. reactants. 

K increases. K decreases. 


Cooling causes the equilibrium Cooling causes the equilibrium 
to shift toward the reactants. to shift toward the products. 
K decreases. K increases. 


PRACTICE: 


Use the bond energy data to determine whether K will increase or decrease for the reaction of F, with 
O, as temperature increases. 


l 
F, (e)+ 5 O2(8) = OF,(g) 


Bond Energy (kF-mol) 


First, draw the Lewis structures of each of the reactants and products. 
Ë— E too Eü: 
JF; 
Next, we use the bond energies to determine whether the reaction is endothermic or exothermic. 
AH xp = (È bond energies of reactants) — (È bond energies of products) 
AH xn =| 1(159 KJ- mor™)]+] >(498 KJ- mor”) |- [20190 kJ- mol) |=28 kJ - mol” 


The reaction is endothermic, so as temperature increases, the reaction will shift toward the products. The 
equilibrium constant, K, increases. 


Acid-Base Chemistry 


As discussed in Big Idea 3 (Chapter 3, “Chemical Reactions”), Bronsted-Lowry acids and bases are proton 
donors and acceptors, respectively. Acid-base dissociation reactions in water are equilibrium reactions. 


Strong acids and bases have large equilibrium constants for dissociation in water. The ionization reactions of 
weak acids and bases have relatively small equilibrium constants. 
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The Autoionization of Water 


Water is amphoteric; it can behave as either an acid or a base. Pure water undergoes autoionization according to 
the reaction illustrated below. Note: Both H,O* and H* are found on the AP Chemistry curriculum. Be prepared 
to use both. 


2 H,O(/) <= H,O° (aq) + OH (aq) or H,O(/) = H*(aq) r OH- (aq) 
K, = [H,0° ][OH ] = [H* JOH 7] -10x10 


The equilibrium constant for this reaction, K,, is 1.0 x 10" at 25 °C. This extremely small value means that neu- 
tral water is ionized only to a very small degree. 


The hydronium and hydroxide ion concentrations for pure neutral water are equal. 
[H,0°] = [OH] 
The concentrations of hydronium and hydroxide ions at 25 °C are 1.0 x 10” M. 
K, =[H,0* [oH ]=[H,0* | =1.0x10™ 


[H,0*] =v1.0x10™ 


[H,0* |=[OH ]=1.0x107 M 


PRACTICE: 


Use the K, values of water at various temperatures to determine whether the autoionization of water is 
endothermic or exothermic. 


Temperature (°C) 


Because the equilibrium constant increases as temperature increases, addition of heat to the reaction causes the 
equilibrium to shift toward the products. The autoionization of water is endothermic. 


The pH and pOH Scales 


The pH scale is a commonly used measure of the acidity of a solution. The pH is defined as 


pH = -log[H’] 


The pH scale ranges from below 0 for strongly acidic solutions to over 14 for strongly basic solutions. At 25 °C, a 
solution with a pH that is less than 7 is acidic, and a solution with a pH that is greater than 7 is basic. 


As discussed previously, for pure, neutral water at 25 °C, 
[H,O*] = 1.0 x 10’ M 
The pH of pure, neutral water at 25 °C is 
pH = -log(1.0 x 10°’) = 7.00 
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Because pH is based on a logarithm scale, a solution with a pH of 6 is ten times more acidic than pure water at 
room temperature, which has a pH of 7. A solution with a pH of 5 has 100 times the hydronium ion concentra- 
tion of pure water, and a solution with a pH of 4 has 1000 times the hydronium ion concentration of pure water. 


PRACTICE: 


What is the pH of a solution that has a hydronium ion concentration of 0.0200 M at 25 °C? 


The pH of a solution is the negative logarithm of the hydronium ion concentration. 
pH = —log[H,O°] = -log 0.0200 = 1.699 
The pOH of a solution is defined as 
pOH = -log[OH ] 


Because pure water at room temperature has a hydroxide ion concentration of 1.0 x 10” M, the pOH of water at 
25 °C is 


pOH = -log[1.0 x 10] = 7.00 
Remember that for water at 25 °C, 
[H,O*][OH] = 1.0 x 10 
Therefore, 


pH + pOH = 14.00 
PRACTICE: 


The pH of a solution is 3.20 at 25 °C. What is the hydroxide ion concentration at this temperature? 


The pH is first converted to pOH. 


pOH = 14.00 — 3.20 = 10.80 


The pOH is then used to determine the [OH]. 
10.80 = —log[OH ] 


[(OH]=10°"=1.6x 10" M 


Strong Acids and Bases: A Review 


As discussed in Big Idea 3 (Chapter 3, “Chemical Reactions”), there are six strong acids that should be 
memorized: HCl, HBr, HI, HClO, H,SO,, and HNO,. These acids have very large equilibrium constants for the 
dissociation of a proton. Dissociation means that the proton is released completely from the acid to form a 
charged species (hydronium) in aqueous solution. The pH of any solution of a strong acid is calculated by using 
the concentration of the acid as the concentration of hydronium. Hydronium should be viewed as a strong acid. 
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For a sample of nitric acid in water, for instance, 


[HNO,] = [H,0*] 


PRACTICE: 


What is the pH of a 0.00010 M aqueous solution of HBr at 25 °C? (Notice that you should be able to 
do this without a calculator.) 


Hydrobromic acid is one of the strong acids. It has a very large equilibrium constant for dissociation, so it essen- 
tially dissociates completely in aqueous solution. 


HBr(aq) + H,O() —> Br (aq) + H,O (aq) 


The concentration of H,O” after the dissociation occurs is approximately equal to the initial concentration of 
HBr, 1.0 x 10% M. 


pH = -log(1.0 x 10%) = 4.00 


The strong bases that should be memorized are the hydroxides of the alkali metals: LIOH, NaOH, KOH, RbOH, 
and CsOH. These species have very large equilibrium constants for their dissociation reactions. In this case, disso- 
ciation refers to the release of the hydroxide ion from the metal cation in solution. The pOH of any strongly basic 
solution is calculated using the hydroxide ion concentration. In addition to the group IA hydroxides, hydroxides 
of the alkaline earth metals, Sr(OH), and Ba(OH),, are considered to be strong. 


PRACTICE: 


What is the pH of a 1.00 x 10* M aqueous solution of Ba(OH), at 25 °C? 


At low concentrations, Ba(OH),, a strong base, dissociates completely into Ba” and OH. 


Ba(OH),(aq) > Ba” (aq) + 2 OH (aq) 


It is apparent from the reaction stoichiometry that 2 hydroxide ions are released for every Ba(OH), molecule dis- 
solved, so the concentration of OH” is 2.0 x 10% M. 


The pOH can be determined from the OH concentration. 
pOH = -log(2.0 x 10%) = 3.70 


pOH + pH = 14.00 
pH = 14.00 - pOH 
pH = 14.00 — 3.70 = 10.30 


Weak Acids and K, 


Weak acids are acids that do not dissociate completely in aqueous solution. Acetic acid is an organic acid that is 
frequently used as an example. Vinegar is usually a solution of about 5% acetic acid in water. 
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A Weak Acid and Its Conjugate Base 


Weak acid Conjugate base 
O O 
|| «— Acidic hydrogen H | 
a P ~ BD ER Dr OO 
aN „O. 
H H 
Acetic acid Acetate anion 


Although acetic acid dissolves very well in water, it only dissociates to a small extent. The equilibrium constant 
for the dissociation of a weak acid such as acetic acid is known as the acid dissociation constant, K,. The reaction 
of the weak acid, HA, with water to form the conjugate base, A’, and hydronium is illustrated by the equation 
below. Recall that pure liquids (H,O in this case) are excluded from the equilibrium expression. 


HA(aq)+H,O(/) = H,O*(aq)+ A (aq) 
= [H,O0°][A ] 
: [HA] 


Remember that although hydronium, H,O", is primarily used in this review, it is also acceptable in AP Chemistry 
to write H* in the equation for the dissociation of an acid. 
HA(aq) = H'(aq)+A (aq) 
HIA] 
© [HA] 


The K, for acetic acid is 1.8 x 10°, which is quite small. This means that of the acetic acid dissolved in water, only 
a very small fraction of the molecules are dissociated into ions. 


It is often useful to calculate percent ionization and pH for solutions of weak acids given the initial concentration 
of acid. The percent ionization is the percentage of a species in solution that is dissociated. 


For example, suppose a question asks for the percent ionization of a 0.100 M solution of acetic acid, CH,CO,H, 
in addition to the pH of the solution. The first step is to write the equation for the dissociation of acetic acid in 
water. 


CH,CO,H(aq) + H,O() = H,O°(aq) + CH,CO, (aq) 


The next step is to set up a R.I.C.E. table to determine the equilibrium concentrations of the species in solution. 


CH,CO,H CH,CO, 
Initial Concentrations =" e 0.100 ae E 


Change sis 


Equilibrium 0. ee x 
Concentrations (M) 


The equilibrium constant, 1.8 x 10°, is equal to the mass action expression for the dissociation of acetic acid. 
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_[H,O*J(CH,CO;] 
a [CH,CO,H] 
2 
issi 2 
0.100 — x 


In order to solve the expression for x, the quadratic formula is necessary. It is highly unlikely that an AP 
Chemistry—level exam question will require this kind of solution. Instead, consider the magnitude of the 
equilibrium constant. An equilibrium constant of 1.8 x 10° indicates that very little of the acid is dissociated. So 
little is dissociated, in fact, that x may be neglected in the denominator since subtraction of x from 0.100 does not 
significantly change the value of the denominator. Students are expected to be able to provide this justification 
for simplifying the calculation. 


2 
X 


0.100- x 
(1.8 x 10° )(0.100) = x? 


J.8x10)(0.100) = Vx? 


x=1.3x10° M =[H,O*]=[CH,CO, ] 


1.8x10° = 


The pH of the solution is determined using the H,O” concentration. Even though only two significant figures can 
be reported for the concentration of H,O’, the entire calculator result for x is used to calculate the pH. Note that 
different significant digits rules apply for pH values. The number of significant figures that are valid for the 
concentration (1.3 x 10°) are equal to the number of digits to the right of the decimal that are significant for the 
pH. Since there are two significant figures in the concentration, 1.3 x 10”, the reported pH value will have two 
digits after the decimal. 


pH = —log[H,O*] = —log(1.34164 x 10°) = 2.87 


The percent ionization is the percentage of ionized acetate ion in the total acetic acid/acetate concentration. 
Again, the unrounded value of the concentration should be used. 


= -3 
[CH,CO,"] 100 213X107 M 


ee aE Ar ee = x100% = 1.3% ionized 
[CH,CO, ] + [CH,CO,H] 0.100 M 


% ionization = 


PRACTICE: 


A sample of 0.0100 M hypochlorous acid, HCIO, is 0.17 % ionized at 25 °C. What is the acid 
dissociation constant for HClO? 


The dissociation of HCIO is shown by the following equation. 


HC10(aq) + H,O(/) = ClO (aq) + H,O*(aq) 


The concentration of ClO” is 0.17% of the initial concentration of HC1O. This is equal to the hydronium ion 
concentration. 


[C107 = (0.0017)(0.0100 M) = 1.7 x 10° M = [H,0*] 


The HCIO concentration at equilibrium is the initial concentration minus the portion that ionized. 
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[HCIO] = 0.0100 M —-1.7x10° M = 0.0100 M 
_[H,O*]JCIO-]_ (1.7 x107} 


f =2.9x10° 
[HClO] 0.0100 


Weak Bases and K,, 


Weak bases are those that only weakly ionize in aqueous solution. They ionize according to the reaction illus- 
trated by the equation shown. 


B(aq) + H,O() = BH (aq) + OH (aq) 


The equilibrium constant for base dissociation according to this equation is known as K, 


BH" ][OH™ 
x, - BH IOH) 
[B] 
Weak bases include amines, compounds that contain a nitrogen atom bound to carbon or hydrogen. Ammonia, 


for instance, is a weak base. It is the simplest amine. Other examples of weakly basic amines include methylamine, 
(CH )NH,, and pyridine, CHN. 


Weak Bases 
H NÑ 
H H s uc cH 
H ZN H N See 
AN 

H H H 
Ammonia Methylamine Pyridine 
NH3 CH;NH; C5H5N 


The pH and percent ionization of a weak base solution are determined in a manner similar to those of a weak 
acid solution. 


PRACTICE: 


The K, of aniline, C;H,NH,, is 3.8 x 10°. What is the pH of a 0.150 M solution of aniline? 


Aniline is a weak base. The dissociation reaction for aniline in aqueous solution is represented by: 
C;H;NH,(aq) + H,O() = C;H;NH, (aq) + OH (aq) 
The mass action expression for the K, is 


_[C.H,NH,*][OH"] 


K, 
[C;H;NH, ] 


A R.I.C.E. table is used to determine the concentrations. 


Initial Concentrations (M) (oso Jo fo 
x 


Equilibrium Concentrations (M) | 0.150 -— x 
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Substitution of the equilibrium concentrations into the expression for K, and the assumption that x is much 
smaller than the initial concentration of aniline allow for the calculation of the hydroxide ion concentration. 


2 
X 


0.150- x 


x= J8.8 x 107° (0.150) =7.55x10% M =[OH7] 
pOH = -log 7.55 x10% = 5.12 
pH = 14.00— 5.12 = 8.88 


3.8 x10™ = 


pK, and pK, 

A convenient expression for the acidity or basicity of a substance is given by its pK, or its pK, 
pK, = -log K, 
pK, = -og K, 


The higher the K, the lower the pK, and the stronger the acid. 
The higher the K, the lower the pK, and the stronger the base. 


PRACTICE: 


Based on the provided data, is benzoic acid or formic acid a stronger acid? Determine the K, of each 
acid. 


The lower pK, of formic acid indicates that it is a stronger acid. The K, of formic acid is 
K, =10 °** =10°" =1.8x10~ 

The K, of benzoic acid is 
K, =10 ®** =107” =6.3x107 


The larger K, and lower pK, of formic acid confirms that it ionizes to a greater extent (and produces more hydro- 
nium) than benzoic acid. 


Finally, it is important to recognize and remember the relationship between K, and K, for a conjugate acid-base 
pair at a given temperature. 


K, = K: K, 


Since K, = 10°“ at 25 °C, the sum of the pK, and the pK, for a conjugate acid-base pair is 14.00 at 25 °C. 


PK, = pK, + pK, = 14.00 
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PRACTICE: 


The K, of hydrofluoric acid, HF, is 7.2 x 10% at 25 °C. What is the pK, of the fluoride ion? 


The K, for F, the conjugate base of HF, is determined using the K, and K, at 25 °C. 


K, _1.00x10-™ 


= W 


e K, 72x10“ 
pK, =-log K, =—log 1.4x10™ =10.86 


=1.4x10 


Acidic and Basic Salts 


Many salts, when added to neutral water, have no effect on the pH of the water. If sodium chloride is added to a 
sample of pure water at 25 °C, the pH of the water does not change. When a sample of sodium acetate is added 
to pure water, however, the pH increases. If ammonium chloride is added to water, the pH decreases. Sodium ace- 
tate, therefore, is referred to as a basic salt and ammonium chloride is an acidic salt. 


A salt that is composed of the cation of a strong base and the anion of a strong acid is a neutral salt and, therefore, 
has no effect on the pH of the solution. Sodium chloride, for example, is composed of sodium cations and chlo- 
ride anions. A sodium ion is the cation of a strong base, NaOH, and a chloride anion is the anion of a strong 
acid, HC1. When added to pure water, sodium chloride does not cause a change in the pH. For this reason, 
sodium chloride is referred to as a neutral salt. Other examples of neutral salts include KNO,, LiBr, and BaCl.. 


A salt that is composed of the cation of a strong base and the anion of a weak acid, such as sodium acetate, 
NaCH,CO,, is a basic salt. Sodium acetate dissociates completely in water, and the acetate anions that are 
released increase the pH of an aqueous solution by extracting protons from the water molecules. This results in 
an increase in the hydroxide ion concentration. 


CH,CO, (aq) + H,O() = CH,CO,H (aq) + OH (aq) 
Other examples of basic salts include KCN, LiF, and Cs,CO,. 


A salt that is composed of the cation of a weak base and the anion of a strong acid, such as ammonium chloride, 
NH,CI, is an acidic salt. Ammonium chloride is soluble in water, and it dissociates completely. The ammonium 
ion releases a proton into the solution and decreases the pH. 


NH, (aq) + H,O() = NH,(aq) + H,O” (aq) 
PRACTICE: 


Predict whether solutions of the following salts will be acidic, basic, or neutral when added to pure 
water. Support your predictions with balanced equations for hydrolysis to produce the ions that 
contribute to an acidic or basic pH. 


(a) LiNO, 
(b) NH,Br 
(c) NaClO, 
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(a) Li” is the cation of a strong base. NO, is the conjugate base of a weak acid. LiNO, is a basic salt. 
NO, (aq) + H,O() = HNO,(aq) + OH (aq) 

(b) NH,’ is the conjugate acid of a weak base. Br is the anion of a strong acid. NH,Br is an acidic salt. 
NH, (aq) + H,O() = NH,(aq) + H,O*(aq) 


(c) Na’ is the cation of a strong base. ClO, is the anion of a strong acid. NaClO, is a neutral salt. 


PRACTICE: 


The K, for ammonia is 1.8 x 10”. Find the pH of a 0.0500 M solution of ammonium chloride. 


The dissociation reaction for ammonium is 


NH, (aq) + H,O() = NH,(aq) + H,O* (aq) 


The ammonium ion is the conjugate acid of ammonia, so it is necessary to work with the K,,. 


K, _1.0x10™ 
ee sexo 
K, 1.8x10 


A R.I.C.E. table can be used to find the concentration of H,O*. 


Initial Concentrations (M) 0.0500 0 jo | 


Change eee 
Equilibrium Concentrations (M) 0.0500 — x xo a 


Because the acid dissociation constant is small, the K, expression can be simplified and x can be neglected from 
the (0.0500 — x) term. 


x? 


0.0500 — x 


V6.6 x10 (0.0500) = Vx? 
= 5.3x10° M =[H,0*] 
pH = -log [H,O*]=—log 5.3x107 =5.28 


5.6x10™ = 


PRACTICE: 


The K, for formic acid, H,CO,, is 1.77 x 10*. What concentration of sodium formate, NaHCO,, 
would have a pH of 8.00 at 25 °C? 


The species of interest is the formate ion, the conjugate base of formic acid. Therefore, K, must be 
converted to K, 


K, _1.00x10™ 
Gees reso 
K, 177x10 


a 


287 


Chapter 6: Chemical Equilibrium (Big Idea 6) 


The hydrolysis reaction of the formate ion is 
HCO, (aq) + H,O() = H,CO,(aq) + OH (aq) 
This time the pH is given, so the final concentration of the hydroxide ion can be calculated. 
pOH = 14.00 — 8.00 = 6.00 
[OH] = 10°" = 1.0 x 10° M 


Let the initial concentration of the formate ion be x. 


Reaction HCO, H,CO OH 
Initial Concentrations (M) X Oo | 


2 2 
= 1.0 x 10% + 1.0 x 10° + 1.0 x 10° 


¥-16% W" 1:0 x 10° 1.0 x 10° 


_[OH™][H,CO,]_ (1.0x 10°) 


K, =5.65x10™ - = 
[HCO;] x-1.0x10 


x=1.8x10° M 
The initial concentration of NaHCO, is 1.8 x 10° M. 
Sometimes a salt is composed of the conjugate base of a weak acid and the conjugate acid of a weak base. An 
example of this kind of salt is ammonium acetate, NH,CH,CO.. The pH of a solution of this type of salt is 


determined by the ionization constants of the parent acid and base. 


The parent base for ammonium, NH,", is ammonia, NH,. The acid dissociation constant for the hydrolysis of 
ammonium ion is determined from the K, for ammonia. 


NH, (aq)+H,O() = NH,(aq)+H,0° (aq) K, (ammonia) = 1.8 x 10° 


-14 
Rien ee eee io 
K, 1.8x10 


The parent acid for the acetate ion is acetic acid. The base dissociation constant for the hydrolysis of acetate ion 
is the reciprocal of the K, for acetic acid. 


CH,CO, (aq)+H,O(V) => CH,CO,H(aq)+ OH(aq) K, (acetic acid) =1.8 x 10” 
-14 
i a ee: 
K, 1.8x10 


Because the hydrolysis of ammonium produces the same concentration of hydronium as the concentration of 
hydroxide produced by the hydrolysis of acetate, as shown by the fact that the dissociation constants are equal, an 
ammonium acetate salt solution is neutral. 


If, however, the K, for the conjugate acid of the weak base is greater than the K, for the conjugate base of the 
weak acid, H,O* will be produced to a greater extent than OH, and the solution will be acidic. To see why this is 
the case, consider pyridinium formate, C;H,NHCHO.,. Pyridinium formate, is composed of a pyridinium cation, 
C,H,NH’, and a formate anion, CHO,. The weak base and weak acid are C,H.N (K, = 1.8 x 10°) and 

CHO,H (K, = 1.8 x 10^), respectively. The hydrolysis reactions for the two ions are shown below. 
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C.H,NH*(aq)+H,O(/) = CjH;N(aq)+H,O0* (aq) K, (pyridine) =1.8x107 
K, _1.0x10™ 


5K 8x107 = OKI 
ae 


CHO, (aq)+H,O(/J) = CHO,H(aqg)+OH (aq) K, (formic acid) =1.8x107 
K, _1.0x10™ 


Ww 


= S56 K10"" 
° K, 1.8x10% 


Because the hydrolysis of pyridinium to form hydronium occurs to a much greater extent (10% is much greater 
than 107"), a solution of the pyridinium formate is acidic. 


PRACTICE: 


The K, for ammonia, NH,, is 1.8 x 10”. Given the following acid dissociation constants, predict 
whether the following salts will form acidic or basic solutions when added to pure water. 


(a) NH,IO, 
(b) NH,CN 


Since the conjugate acid of ammonia is the cation for each of these species, the K, for ammonium is needed for 
comparison. 


NH,*(aq)+H,O() = NH,(aq)+H,0* (aq) 
K, 1.0x10™ 


w 


=5.6x10 


* K, 18x10% 
(a) The K, for IO; is needed. 


IO, (aq)+H,O(7/) => HIO,(aq)+ OH (aq) 


je Ba OU oe i 
° K, 16x107 ` 


a 


Because the base dissociation constant for IO, is less than the acid dissociation constant for NH,*, in an NH,IO, 
solution, the amount of hydronium produced by the hydrolysis of ammonium is greater than the amount of 
hydroxide produced by the hydrolysis of iodate. Therefore, ammonium iodate is an acidic salt. 


(b) The K, for CN is needed. 
CN (aq)+ H,O0V7) = HCN(aqg)+OH (aq) 


K _ Ky 10x10" | 6x105 
> K 62x10! ` 


a 


The K, for CN is greater than the K, for NH,", so NH,CN is a basic salt. 
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Buffer Solutions 


A buffer is an aqueous solution that resists a change in pH upon addition of small quantities of acids or bases. 
A buffer is either composed of a weak acid and its conjugate base in similar concentrations or a weak base and its 
conjugate acid in similar concentrations. 


Consider the buffer solution composed of formic acid, H,CO,, and sodium formate, NaHCO,. Formic acid is a 
weak acid with a K, of 1.77 x 10%. Sodium formate dissociates completely in aqueous solution. The illustration 
below represents an equimolar mixture of formic acid and formate ion. Sodium ions and water molecules are 
omitted from the diagrams for clarity. 


In the first situation, acid is added to the solution in the form of H* ions (two H* ions are added in this 
representation). Instead of lowering the pH by increasing the hydronium concentration, the protons react with 
free formate ions to produce formic acid molecules. This results in a very small pH change. 


In the second situation, base is added to the solution in the form of OH ions (two in this representation). 
Protons are removed from two of the formic acid molecules to form water, and again, the pH changes very little. 


Resistance of a Buffer to a Change in pH 


PRACTICE: 
Which of the following reagents could produce a buffer? Explain your reasoning. 


(a) NaNO, and HNO, 


(b) NaNO, and HNO, 
(c) NaNO, and HNO, 
(d) NaNO, and HNO, 


(a) NaNO, is the salt of a strong acid and a strong base. HNO, is a strong acid. These reagents could not be 
combined to produce a buffer. 


(b) NaNO, is the salt of a weak acid and HNO, is a strong acid. If HNO, is added to the NO, from the salt, 
some HNO, will be formed. The amount of HNO, added could be adjusted so that a 1:1 molar ratio of 
[HNO,]:[NO, ] would result. This resulting weak acid/conjugate base pair is a buffer. 
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(c) NaNO, is the salt of a weak acid, and HNO, is its conjugate acid. This pair forms a buffer when combined in 
approximately equimolar quantities. 


(d) NaNO, is a neutral salt. It will have no effect on a solution of HNO,, which is a weak acid. No buffer 
formation is possible. 


The Henderson-Hasselbalch Equation 


The Henderson-Hasselbalch equation is a derivation of the acid dissociation equilibrium expression. It relates the 
pH of a buffer solution composed of a weak acid, HA, and the anion of the weak acid, A’, to the pK, of the weak 
acid. This equation is included on the AP Chemistry Equations and Constants sheet (pages 365-366). Students will 
not be asked to derive the Henderson-Hasselbalch equation, but they are expected to know how to use it. 


[A ] 


H= pK, +lo 
p pA, © THAI 


A weak acid/conjugate base system produces the most effective buffer when [HA] = [A]. Under these conditions, 
the pH of the solution is equal to the pK, of the weak acid. 


When the pH of the buffer solution is less than the pK, of the weak acid form of the buffer, the concentration of 
protonated weak acid is greater than the concentration of the anion. When the pH of the buffer solution is 
greater than the pK, the concentration of the anion is greater than the concentration of the weak acid. 


pH = pK; [HA] = [A] 

pH < pK; [HA] > [A] 

pH > pK,: [HA] < [A] 
The Henderson-Hasselbalch equation can also be modified to describe a buffer composed of a weak base, B, and 
its conjugate acid, BH”. Notice the similarities and differences between the acid and base forms of the equation. 


Because the pOH version of the Henderson-Hasselbalch equation is not included on the AP Chemistry Equations 
and Constants sheet, this convenient equation must be memorized in order to be used. 


[BH"] 
[B] 


pOH = pK, + log 


A weak base/conjugate acid system produces the most effective buffer when [B] = [BH"]. At this point the pOH of 
the solution is equal to the pK, of the weak base. Again, the pOH is dependent on the relative concentrations of 
base and conjugate acid. 

pOH = pK,: [B] = [BH] 

pOH < pK,: [B] > [BH’] 


pOH > pK,; [B] < [BH*] 
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PRACTICE: 


Use the K, values of the following substances to determine which can be added to one-half of an 
equivalent of strong base to produce a buffer with a pH of 7. 


K, at 25°C 


These acids can be partially reacted with a strong base such as NaOH to produce buffers with pH ranges near the 
pK, values of the acids. The pK, values of HF, HN,, and H.S are 3.14, 4.72, and 7.00, respectively. The pK, of 
H.S is equal to the pH that is needed, so H,S is the correct choice. 


By adding one-half of an equivalent of a strong base to H.S such that [H,S] = [HS], the pH of the solution will 
be equal to the pK, 


H,S(aq) + OH (aq) > HS (aq)+ H,O(/) 


Hs- 
pH = 7.00 + log iea = 7.00 + log 1 = 7.00 
[HS] 


2 


PRACTICE: 


The pK, of benzoic acid, C,H,CO,H, is 4.19 at 25 °C. When 0.030 mole of NaOH is added to 100.0 
mL of a 0.500 M solution of benzoic acid, what is the pH before and after the addition of NaOH? 
Assume the volume of the solution does not change when the NaOH is added. 


Before the addition of the NaOH, the pH is determined by the weakly-dissociating C,H,CO,H. 
C,H;CO,H(aq) + H,O() = C,H,CO, (aq) + H,O"(aq) 
The K, of benzoic acid can be calculated. 


K, = 10°" = 104" = 6.5 x 10° 


C.H,COH__ | CH,CO, 
Initial Concentrations (M) | 0.500 | 


a a ee E 


— 0.500 — 
Concentrations (M) 
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Because K, is small, x can be neglected in the denominator. 


2 
X 


0.500- x 


[N65 x 10 )(0.500) = Vx? 
x =5.7x10° M =[H,0*] 
pH = -log [H,O* ]=—log 5.7 x10” = 2.24 


6.5x10° = 


When NaOH is added, some of the benzoic acid is converted to benzoate ion. 


C,H,CO,H(aq) + OH (aq) > C;H;CO; (aq) + H,O() 
The initial number of moles of benzoic acid is 


0.500 mol C,H;CO,H 


0.1000 ¥ x 
4 Ty 


= 0.0500 mol C,H,CO,H 


After the reaction, 0.030 mole of benzoic acid has been converted to benzoate. The number of moles of benzoic 
acid remaining is 


0.0500 mol — 0.030 mol = 0.020 mol C,H.CO,H 


The pH can be determined using the Henderson-Hasselbalch equation. 


0.030 mol 
[C,H;CO, ] 0.100 L 
H = pK, +tlog —*—=—*—- = _ 4.19 + log === = 4.37 
Pe arene [C,H;CO,H] (922 mol) 
0.100 L 


The pH of the solution after 0.030 mole of NaOH has been added is 4.37. 


Buffer Capacity 


Buffer capacity refers to the amount of strong acid or strong base that can be added to a buffer system before the 
pH of the buffer system begins to change dramatically. The absolute concentrations of acid and conjugate base 
or base and conjugate acid determine the buffer capacity of the solution. The higher the absolute concentration 
of the buffer, the more acid or base can be added before the pH begins to change. 


Dilution of a buffer system does not affect the pH of the solution. To see why this is the case, let’s look at the pH 
values of two buffer systems. Buffer A contains 0.40 mole of HA and 0.60 mole of A~ in 1.00 L of solution, and 
buffer B contains 0.40 mole of HA and 0.60 mole of A~ in 0.100 L of solution. The pH values of the two 
solutions are calculated as follows: 


Buffer A: 


Le mol 
i P E E a A ae - 
[HA] E mel) 0.40 


191 


pH = pK, + log 
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Buffer B: 


(oe = 
[A QoL zogj 2:68 


pH = pK, + log —— = pK, + log | 


0.40 ay a alee, 


04160 


[HA] 


Despite the fact that the pH values of the two buffers are identical, buffer B is ten times as concentrated as buffer 
A, so it has a much larger buffer capacity. It is capable of reacting with a larger quantity of added acid or base 
before the pH begins to change appreciably. 


PRACTICE: 


Which of the following weak acid/conjugate base (HA/A ) representations has the highest buffer 
capacity for addition of strong acids or strong bases? 


Both diagrams show ten particles. The diagram on the left has an equal ratio of HA and A, so it has a greater 
ability to neutralize both H,O” and OH. The diagram on the right has a smaller capability to neutralize added 
H,O” since it has a larger number of HA molecules and relatively few A’. 


Acid-Base Titration Curves 


Titration, an analytical technique by which a solution with a known concentration is used to determine the 
concentration of an unknown, was introduced in Big Idea 2 (Chapter 2, “Bonding and Intermolecular Forces”). 
Here, titration curves, which are plots of pH versus the amount of titrant added to an acid or base solution, will 
be examined in more detail. 


Strong Acid/Strong Base 


When a Strong base is added to a strong acid, the resulting products are water and a neutral salt. If a strong acid 
solution of unknown concentration is titrated with a known concentration of a strong base, the volume of base 
required to reach the equivalence point of the titration is easily determined by the volume of base required to 
raise the pH of the solution to 7. The net ionic equation for the reaction is 


H,O*(aq) + OH (aq) > 2 H,O() 


The equilibrium constant for this process is very large, K,, ~ 1 x 10°, so the equilibrium greatly favors the products. 
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Consider the titration curve below, in which 50.0 mL of an unknown concentration of HCl is titrated with a 
0.100 M solution of NaOH. When 20.0 mL of the NaOH have been added, the pH rises sharply and passes 
through an inflection point at a pH of 7. At this point, the number of moles of OH added are equal to the num- 
ber of moles of H,O” present initially. This is the equivalence point for the titration. The amount of OH added to 
reach the equivalence point is sometimes referred to as an equivalent. 


Titration of a Strong Acid 
with a Strong Base 


Equivalence point 


10.0 20.0 30.0 40.0 
Volume of NaOH Added (L) 


Notice that as base is added, the pH gradually increases until just before the equivalence point. Within 10% of 
the volume of base required to reach the equivalence point, the pH begins its sharp rise before leveling off when 
the hydroxide concentration becomes larger than the hydronium concentration. 


PRACTICE: 


A student titrates a 25.0-mL aqueous sample of HNO, with 0.200 M standardized KOH. The titration 
requires 30.1 mL of base to reach the equivalence point. 


(a) What is the initial concentration of HNO,? 
(b) What is the pH of the solution after 15.0 mL of KOH have been added? 


(a) The number of moles of base added at the equivalence point is equal to the number of moles of HNO, that 
was initially present. The initial [HNO,] can be calculated. 


HNO, (aq) + KOH(aq) — KNO,(aq)+ H,O(/) 

ent Lor x 2:200 molKOH | | mol HNO, 

| LKOH 1 mol KOH 

[HNO;] = 0.00602 mol HNO, 0241 M 
0.0250 L 


= 0.00602 mol HNO, 


(b) The number of moles of HNO, remaining after the addition of the base determines the pH. The number of 
moles of base added is calculated next. 


0.0150 LKOH x 


0.200 mol KOH 


1 LKOH 


The number of moles of KOH added is equal to the number of moles of HNO, that have reacted. Since 0.00602 
mole of HNO, was initially present, the number of moles that remain can be calculated. The concentration of 
hydronium is equal to the concentration of HNO, remaining since HNO, is a strong base and dissociates com- 
pletely in water. 


= 0.00300 mol KOH 


0.00602 mol — 0.00300 mol = 0.00302 mol H,0* 
00302 mol 
[H,O*]= = EOS 
0.0250 L + 0.0150 L 


pH = -log [H,O*] = -log 0.755 = 1.122 
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Weak Acid/Strong Base 


The titration of a weak acid with a strong base is more complex than the strong acid/strong base titration since 
there is a large buffering region in which both the weak acid and the anion of the weak acid are present. 


The titration curve for the titration of a weak acid, HA, with a strong base, MOH, looks like the one shown 
below. Several key facts can be gleaned from this plot without any calculations, so it is important to be able to 
recognize this type of curve and predict which species dominate at each point along the titration curve. 


Titration of a Weak Acid with a Strong Base 


14 


8 
as 
Ou 

4 


Volume of MOH Added (L) 


= At point A, the pH depends only on the concentration of the weak acid and the acid dissociation 
constant, K,. 


HA + H,O =A +H,O° 


= Within regions B and D, the solution is buffered and the pH is calculated using the Henderson-Hasselbalch 
equation. The base that has been added has converted some of the HA to A`. 


OH + HA > H,O+t A 
The relative concentrations of HA and A, along with the pK, determine the pH of the solution. 


[A 
H = pK, + log —— 


= At point C, the half-equivalence point, exactly enough base has been added to produce a buffer solution 
with 1:1 ratio of [HA]:[A]. At this point in the titration, the pH of the solution is equal to the pK, of the 
acid. 


= At point E, the equivalence point, the number of moles of OH that have been added is equal to the number 
of moles of HA that were initially present. The pH at the equivalence point is determined by the basic salt, 
A’, which is the dominant species. 


A` +H,O = HA + OH 


= Within region F, the OH in excess of the HA initially present determines the pOH and thus the pH of the 
solution. 


Se E e a 
E A T S 
co aere) 


DAMA 
E -,M* ş 
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Consider, for example, 100.0 mL of a 0.250 M solution of nitrous acid, HNO,, at 25 °C. Nitrous acid has a K, of 
4.0 x 10*. Before the titration begins, the dominant species in the solution is HNO,. A very small proportion of 
the weak acid is dissociated, so the minor components of the system are H,O” and NO,. The H,O* concentration 
determines the pH of the solution. 


HNO,(aq) + H,O() = H,O*(aq) + NO, (aq) K = 4.0 x 10% 


Initial Concentrations (M) 0.250 OO 


Change eee 
Equilibrium Concentrations (M) 0.250 — x ao ooo o | oo o 


_[H,O"][NO, ] 


2 [HNO] 
2 
4.0 x10“ = —*— 
0.250- x 


The amount of acid that dissociates is small compared to the initial amount, so x in the denominator may be 
neglected. 


2 


40x0 =~ 
0.250- x 
[4.0 x10*)(0.250) = Vx? 
x=0.010 M 


[H,;O*] = 0.010 M 
The pH of the solution at point A is 


-log (0.010) = 2.00 


Now suppose the solution is titrated with 0.250 M NaOH. How can the pH be determined at the equivalence 
point? It is first necessary to know how much NaOH must be added. This can be determined stoichiometrically. 


HNO. (aq) + OH (aq) > NO, (aq) + H,O(/) 


0.250 mo oal 1 mol NaOH | 1 L NaOH 
- 1LLHNO, “I molHNO, 0.250 mol NaOH 


volume NaOH added = 0.1000 L xX 
= 0.1000 L NaOH 


Since all of the OH and HNO, have reacted at the equivalence point, the major species in the solution is NO, . 
The number of moles of NO, is equal to the number of moles of HNO, that were present initially. 


moles of NO,” = 0.1000 L OH” x DAAU MOLO o EOLA 2 asso ane NO,- 
1 L OH 1 mol OH 


INO, J- 2-0250 mol NO7 _ 9 195 M NO,- 
0.1000 L + 0.1000 L 


The next step in finding the pH is to evaluate NO, as a basic species. The K, for NO, is K, at 25 °C divided by 
the K, of HNO.. 
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NO, (aq) + H,OV) = HNO, (aq) + OH (aq) 
K, = K,:K, =1.0x10 
10x10 | 


510 
> 40x10“ 


Initial Concentrations (M) 0.125 ‘ge if | 


+x 
Equilibrium Concentrations (M) 0.125- x 


_[HNO, JOH] 


> [NO, 7] 

2 
25x10" =—_~> 
0.125- x 


The amount of hydroxide is small compared to the amount of NO, so x in the denominator may be neglected. 


J(2.5x107!)(0.125) = Vx? 


x=1.8x10° M =[OH 7] 


The pOH of the solution at the equivalence point is determined using the unrounded value. 


pOH = -log (1.76776695 x 10°) = 5.75 
14.00 = pH + pOH 
pH = 14.00 — 5.75 = 8.25 


It is very important to note that at the equivalence point of a titration of a weak acid with a strong base, the pH is 
not 7. The solution has a pH higher than 7 because a basic salt is the major species in solution. 


To determine the pH at any point within the buffering region (any point in region B or D of the titration curve), 
the Henderson-Hasselbalch equation may be used. The concentrations of HNO, and NO, are determined stoi- 
chiometrically. 


HNO,(aq) + OH (aq) > NO, (aq) + H,O() 


A buffer is formed after 40.00 mL of the 0.250 M OH solution have been added to 100.0 mL of 0.250 M HNO, 
solution. Suppose the pH of this buffer is needed. Because the equivalence point has not yet been reached, OH is 
the limiting reagent. The numbers of moles of reactants and products can be tabulated (although this should not 
be confused with a R.I.C.E. table, which is used to determine equilibrium concentrations). 


The number of moles of HNO, decreases by the amount that reacted with OH to form NO, . The OH is the 
limiting reagent, so it reacts completely. The number of moles of NO, increases by the same amount of OH that 
was added. 
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Initial Moles 0.250 mol 


XT 


= 0.0250 mol = 0.0100 mol 


Change in Moles -0.0100 -0.0100 +0.0100 
Final Number of Moles | 0.0150 0 Joo100 


Final Concentration (M) 
0.0150 mol mol -0.107 M 0.0100 0.0100 mol _ 9 g714 M 
0.140 L 0.140 L 


The pH of the solution can now be determined using the Henderson-Hasselbalch equation. 


eol- log 4.0x10%)+ log ae 


[HNO, ] 0.107 


pH = pK, + log = 3.22 


PRACTICE: 


A 100.-mL solution of formic acid, H,CO,, is titrated with a 1.00 M normalized solution of NaOH. A 
volume of 38.0 mL of the NaOH solution is required to reach the equivalence point. The K, of formic 
acid is 1.77 x 10%. 


(a) What is the pH at the equivalence point? 
(b) What is the pH of the solution after 12.0 mL of NaOH have been added? 


(a) The number of moles of NaOH added is equal to the number of moles of formate ion that are present at the 
end of the titration. 


H,CO,(aq)+OH (aq) > HCO;(aq)+H,O(/) 

l l 1 HCO; 

0.0380 LNaOF x 1.00 monach , x 1 mol HCO; 
0.0380 mol HCO; 


[HCO;] = ———__—. = 0.275 M 
0.100 L + 0.0380 L 


= 0.0380 mol HCO; 


The pH at the equivalence point depends on the behavior of HCO, as a weak base. 


HCO, (aq) + H,O() = H,CO,(aq) + OH (aq) 
The K, of formic acid must be converted to the K, of formate. 
K, =K,-K, =1.0x10™ 


_ 1.00x 10" 
> 1.77x10% 


Initial Concentrations (M) | 0.275 a 


= 565x107" 


ow Fx fe h 


Equilibrium 0.275 —x 
Concentrations (M) 
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The very small K, allows for the assumption that x is negligible compared with the concentration of HCO, . 


_ [HCOOH] , 


> [HCO3] 
2 
5.65 1071! = > 
0.275- x 


x = 4/(5.65 x 107"')(0.275) = 3.94 x 10° =[OH ] 
pOH = -log 3.94 x10% = 5.404 
pH = 14.000 — 5.404 = 8.596 


(b) The number of moles of OH added is equal to the number of moles of formic acid converted to formate. 


0.0120 LAOR x 1:00 NAOH 1 mol HCO, 
1 LNaOH 1 mol NaOH 


The number of moles of formic acid remaining is the difference between the initial number and the number of 
moles converted to formate. 


= 0.0120 mol HCO,” 


0.0380 mol — 0.0120 mol = 0.0260 mol HCO,H 


Because the total volume of the solution (100. mL + 12.0 mL) cancels out of the equation, the numbers of moles 
of formic acid and formate can be used directly in the Henderson-Hasselbalch equation. 


HCO,” 012 
pH = pK, + log TCO, 1 =(-log 1.77x10*)+log ee 
[HCO,H] 0.0260 


3.416 


Strong Acid/Weak Base 
When a weak base, B, is titrated with a strong acid, H,O’, the reaction produces BH” and H,O. 


The shape of the pH curve for the titration of a weak base with a strong acid has some similarities to the curve 
for the titration of a weak acid. 


Titration of a Weak Base with a Strong Acid 


Volume of HX Added 


The curve starts at a high pH value. As acid, HX, is added and converts the base, B, to its conjugate acid form, 
BH’, the pH hovers at a value above 7 in the buffering region. At the half-equivalence point, the pH is equal to 
the pK, and at the equivalence point, the pH depends on the concentration of the acidic species, BH”. 


= At point A, the pOH depends only on the concentration of the weak base and the base dissociation con- 
stant, K, 


B + H,O = BH’ + OH 
300 


Chapter 6: Chemical Equilibrium (Big Idea 6) 


= Within regions B and D, the solution is buffered and the pOH is calculated using the appropriate form of 
the Henderson-Hasselbalch equation. The acid that has been added has converted some of the B to BH”. 
The relative concentrations of B and BH’, along with the pK,, determine the pOH of the solution. 


[BH*] 
[B] 


pOH = pK, + log 


= At point C, the half-equivalence point, exactly enough acid has been added to produce a 1:1 ratio of [B]: 
[ BH’]. At this point in the titration, the pOH of the solution is equal to the pK, of the weak base. 

= At point E, the equivalence point, the number of moles of H” that have been added is equal to the number of 
moles of B that were initially present. The pH at the equivalence point is determined by the acidic species, 
BH", which is the dominant species. 


BH* + H,O =B + H,O* 


m Within region F, the excess H,O* determines the pH of the solution. 


Titration Curve Region Major Species in Solution Minor Species in Solution 
Ce YOBE”) 


e ë ë ë Dmie 
S S 


PRACTICE: 


A 0.100-L solution of 0.100 M pyridine, C,H.N, K, = 1.7 x 10°, is titrated with 0.100 M HCI. Sketch 
the titration curve, labeling the axes. Clearly label the pH before any acid has been added, at the 
equivalence point and the half-equivalence point. Also label the volume of HCI added at the 
equivalence point and at the half-equivalence point. 


Before the titration begins, the pH of the pyridine solution depends on the concentration and K, for pyridine. 
C,H,N(aq) + HOY) = C5H;NH (aq) + OH (aq) 


C,H.NH* 
Initial Concentrations (M) | 0.100 a ë W ë 


(hange = 
Equilibrium 0.100 — x x x 
Concentrations (M) 


The value of x is negligible compared to the concentration of pyridine. 


_[C.,H;NH*][OH] 


i [C;H;N] 
2 
i7 xo = 
0.100- x 


x =4/(1.7x107)(0.100) =1.3x10° = [OH] 
pOH = -log 1.303840 x 10° = 4.88 
pH = 14.00 — 4.88 = 9.12 
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At the half-equivalence point, the pOH = pK, for C,H.N since [C,H,NH] = [C,H;NH’]. 


[C;H,NH’] 
[CsH;N] 

pOH = -log 1.7x 107 + log 1=8.77 + 0 
pH = 14.00 -8.77 = 5.23 


pOH = pK, + log 


The pH at the equivalence point is determined by the extent of dissociation of the pyridinium ion, C;H,NH’, the 
conjugate acid of pyridine. 
C.H,NH ‘(aq) + H,O() = C,H N (aq) + H,O*(aq) 


The K, of C;H;NH°™ is needed for the determination. 


K, =K,-K,=1.0x10™ 
1.0x10™ 


is ari FST cael 
1X 


The concentration of C,H,NH* at the equivalence point is required for the pH determination. When HCI! is 
added to pyridine, the reaction to form pyridinium ion goes essentially to completion. 

C.H.N(aq) + HCl\(ag) > CJH,NH (aq) + Cl(aq) 
The concentration of pyridinium is found and used in a R.I.C.E. table to determine the equilibrium concentra- 


tion of H,O”. 


0.100 mo 5 1 mol C;H,NH* 


0.100 LCHEN x TL ca EFF 


.. 1.00107 mol i 
cH NH’ j- 000 mo s 00x10? M 
0.100 L + 0.100 L 


CH,NH' CHN  |ĦOt 
Initial Concentrations O 5.00 x 10° a 


=1.00x107° mol C;H;NH* 


5 


2E 500x 10^z 
Concentrations (M) 


Again, x is negligible compared to the concentration of pyridinium. 


_ [C;H;N][H,0"] 
o [C;H;NB}] 
2 
X 
5.9x10° = ——_—_____ 
5.00 x 10° — x 


x =4/(5.9x10°)(5.00 x 107) =5.4x10~ = [H,0*] 
pH = -log 5.4107 =3.27 
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Your sketch should resemble the following. Notice the three labeled pH values, the general shape of the buffering 
region, and the volumes of HCI added at the half-equivalence point and at the equivalence point. 


0 
0.0500 0.100 
Volume of HC] added (L) 


Polyprotic Acid/Strong Base 
A polyprotic acid is one that has more than one proton to donate in aqueous solution. Examples include phos- 
phoric acid, H,PO,, carbonic acid, H,CO,, and sulfuric acid, H,SO,. 


The acid dissociation constant for the loss of the first proton is called Ka, The second proton dissociates with a 
dissociation constant of Ka,» and so on. The dissociation reactions for phosphoric acid are shown below. 


H,PO,+H,O = H,PO, +H,0* K, =7.5x10° 
H,PO, +H,O — HPO,” +H,0* K, =6.2x10* 
HPO,” +H,O +> PO, +H,0°* K,, =4.8x10™” 


As one equivalent of base is added to a polyprotic acid, one proton from each molecule of acid is removed. Once 
all the molecules of acid have lost a single proton, a second equivalent of base will remove a second proton from 
the acid molecules, and so on. The inflection points on the titration curve for the reaction of a strong base with a 
weak polyprotic acid represent the equivalence points, just as they do in the titration curves for the reaction of 
strong base with a monoprotic weak acid. The number of acidic protons in a molecule is equal to the number of 
inflections in the titration curve. The curve shown below is for a diprotic acid. 


Titration of a Polyprotic Acid with a Strong Base 


Volume of OH- Added 


= At point A, the pH depends only on the concentration of the weak acid and the first acid dissociation 
constant, Ka- 
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The pH is determined by the ionization of the weak acid. 
HA + H,O = HA +H,0O° 
Between points A and C, the base that has been added has converted some of the H,A to HA’. The relative 


concentrations of H,A and HA’ determine the pH of the solution. 


At point B, the half-equivalence point, exactly enough base has been added to produce a 1:1 ratio of 
[H,A]:[HA ]. At this point in the titration, the pH of the solution is equal to the PKa, of the weak acid. 


At point C, the equivalence point, the number of moles of OH’ that have been added is equal to the number 
of moles of H,A that were initially present. The pH at the equivalence point is determined by the species, 
HA , which is the dominant species. 


HA’ + H,O = A* + H,O* 
At point D, the second half-equivalence point, exactly enough base has been added to produce a 1:1 ratio of 


[HA ]:[A’]. At this point in the titration, the pH of the solution is equal to the pK, of the weak acid. 


Between points C and E, the base that has been added has converted some of the HA’ to A”. The relative 
concentrations of HA’ and A” determine the pH of the solution. 


At point E, the second equivalence point, the number of moles of OH that have been added is equal to 
twice the number of moles of H,A that were initially present. The pH at the equivalence point is determined 
by the species, A^, which is the dominant species. 


A% + H,O = OH + HA" 


Within region F, the excess OH determines the pOH of the solution. 


Titration Curve Region Major Species in Solution 


DAA 


PRACTICE: 
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The curve below is observed when oxalic acid, C,O,H., is titrated with sodium hydroxide. 


(a) Write the equations for the acid dissociation reactions and the equilibrium expressions for Ka, 
and Ka, : 


(b) Use the curve to determine the approximate numerical values of Ka, and Ka,- Show how you 
arrived at your answers. 


Volume of NaOH added (mL) 
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(a) The equations and equilibrium expressions for the hydrolysis of oxalic acid are 


[C,0,H_][H,0*] 


C,0,H,(aq)+H,O() = C,0,H (aq)+ H,O* (aq) Ky = C,0,H,] 
2- + 
C,0,H (aq)+ H,O) = C,0, (aq) + H,O* (aq) K, = [C,0, I[H,0 ] 
[C,0,H] 


(b) The acid dissociation constants are most easily determined by the pH at the half-equivalence points of the 
titration, where pH = pK, 


At pH = 1.2, [C,0,H,] = [C,0,H], so pK, =1.2. 
pK, =—log K, 
K, =10 “PK _ 197? ~ 6x 107 


At pH = 4.2, [C,0,H] =[C,0,°], so pK,, = 4.2. 
PK, = -log K,, 
K, =10"™ =1074? =6x10° 


ay 


Acid-Base Indicators 


Indicators are usually weak acids that exhibit a color change when they are converted from protonated (HIn) to 
deprotonated form (In). An example of an indicator is bromocresol green, shown below. In the protonated form, 
HIn, bromocresol green is yellow. In the deprotonated form, In’, it is blue. The K, for the deprotonation of 
bromocresol green at 25 °C is 1.3 x 10°, so the pK, is 4.89. 


HIn+H,O = In. +H,O* K= [In ][H;O ] 
[HIn] 


Bromocresol Green, an Acid-Base Indicator 


Br 
DON 
(> —_ oe 
S C Br + H,O qy ii C Br + H,07 
CH, ó 503 “Cy” „5 
In 


HIn 
Yellow Blue 


When hydroxide is added to an acidic solution of HIn, the H,O” is neutralized and the equilibrium shifts to the 
right. When approximately 10% of the indicator molecules have been converted to In’, the change from a yellow 
solution to a green solution is detectable. As additional base is added, more HIn is converted to the In form. 


If, on the other hand, hydronium is added to a basic solution of In’, the equilibrium shifts to the left and the 
indicator is protonated. When approximately 10% of the In molecules have been converted to HIn, the change 
from a blue solution to a green solution is detectable. 
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The useful range for an indicator is within one pH unit of the pK, of the indicator. For bromocresol green, the 
equivalence point of a reaction that occurs at a pH of 4.89 + 1 can be detected effectively. 


A wide range of indicators are available. The most appropriate indicator for a particular reaction is one with a 
pX, that is closest to the pH at the equivalence point of the reaction under investigation. 


PRACTICE: 


A researcher has access to the indicators tabulated below. 


Thymolphthalein 9.4 — 10.0 


(a) What is an appropriate indicator of the equivalence point for the titration of 1.00 L of 0.500 M 
chloroacetic acid, CICH,CO,H, with 0.500 M hydroxide? The K, of chloroacetic acid is 1.4 x 10°. 


(b) What is the color of the solution containing the chosen indicator when the pH is equal to the pK, 
of chloroacetic acid? 


(a) At the equivalence point of the titration, the concentration of chloracetate ion, CICH,CO, , determines the 
pH of the solution. The anion behaves as a weak base, so the K, is needed. 


CICH,CO, (aq) + H,O(/) = CICH,CO,H(aq)+ OH (aq) 
K,, =K,-K,=1.0x10" 
_1.0x10™ 


= =7.1x10” 
> 1.4107 


In order to reach the equivalence point, 1.00 L of 0.500 M OH solution must be added. At the equivalence point, 
the number of moles of CICH,CO, is equal to the initial number of moles of CICH,CO,H. The molarity is 
determined using this information. 


0.500 mol CICH,CO,H 
1.00 L CICH-€0, 

1 mol CICH,CO,” 

1 mol 5CO,H 


0.500 mol CICH,CO,” 
1.00 L +1.00 L 


CICH,CO; | CICH,CO,H 
Initial Concentrations (M) | 0.250 o — ë @ ç č | 


1.00 L CICH;€0; = 0.500 mol CICH,CO,H 


0.500 mol SEO; = 0.500 mol CICH,CO,” 


= 0.250 M CICH,CO,” 


x 
Equilibrium 0.250- x x x 
Concentrations (M) 
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The value of K, is small, so x is assumed to be negligible compared to the chloroacetate ion concentration. 


_ [CICH,CO,HI[OH] 
? [CICH,CO3] 
x? 


0.250- x 


x = (7.142857 x 10°)(0.250) = 1.3363 10% =[OH7] 


pOH = -log 1.336310 = 5.88 
pH =14.00 — 5.72 =8.12 


7.142857 x 10°" = 


The pH at the equivalence point of the titration lies within the color-change range of cresol red, so cresol red is 
the best choice. 


(b) The pK, of chloroacetic acid is 
pK, = -log 1.4 x 10° = 2.85 


Ata pH of 2.85, cresol red will be in its protonated form, HIn, which will result in a yellow solution. 


The Solubility Product 


The solubility of a compound is the amount of the compound that dissociates in a given volume of solvent. Ionic 
compounds exhibit a range of solubilities. Some compounds, like NaCl, are very soluble. The solubility of NaCl 
in water at 25 °C is 359 grams (6.14 moles) per liter. Other compounds, such as AgCl, are described as “insoluble.” 
In actuality, AgCl has a slight solubility of 1.9 mg (1.3 x 10° moles) per liter of water at 25 °C. 


The solubility product, K» is the equilibrium constant that describes the dissociation of an ionic compound, 
such as Mg(OH), to form a saturated solution. Magnesium hydroxide, Mg(OH),, has a K, value of 8.9 x 10°" at 
25 °C. The equation for the dissolution of Mg(OH), is shown. 


Mg(OH),(s) = Mg” (aq) + 2 OH (aq) K, = [Mg JOH] 
Notice that Mg(OH), does not appear in the solubility product expression since it is a solid. 


The number of moles of a substance that will dissolve in one liter of water is the molar solubility. The molar 
solubility of Mg(OH), in moles per liter of water at 25 °C can be determined using a R.I.C.E. table. In the R.I.C.E. 
table below, the Mg(OH), column is crossed out because it does not contribute to the mass action expression. 


MOH, 


amwe O N” e a 
X 2x 


Equilibrium 
Concentrations (M) 


The solubility product constant can be used to determine x, the number of moles of Mg”, that are dissolved per 
liter. Since one Mg” is dissociated for each Mg(OH), that dissolves, x will be equal to the maximum number of 
moles of Mg(OH), that dissolve per liter of water. 


= 2 
K,, = x(2x) 
4x? =8.9x10" 


-12 
oe ee =1.3x104 M 


The molar solubility of Mg(OH), at 25 °C is 1.3 x 107 M. 
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PRACTICE: 


Calculate the K,, for Co(OH),, which has a molar solubility of 5.52 x 10° M at 25 °C. 


The dissolution of Co(OH), occurs according to the following equation. 


Co(OH),(s) = Co% (aq) + 3 OH (aq) K,, = [Co [OH] 


The solubility is equal to the maximum number of moles of Co(OH), that will dissolve in pure water at this tem- 
perature, so it is also equal to the equilibrium [Co”’] for a saturated solution. 


icone 


[Change SSS™~=é~—<CSsSSSCN”SC«dS SSK TO «dK SSDXIO 
Equilibrium zsa [o* 1.65 x pe 
Concentrations (M) 


= [Co JOH P = (5.52 x 10°)(1.65 x 10*)'= 2.51 x 10° 


The Common lon Effect 


The common ion effect refers to the decreased dissociation of an ionic compound in solution due to the presence 
of one of the ions produced. 


For example, consider the dissociation of solid CaF, in a solution of 1.00 M Ca(NO,),. Since nitrate salts are sol- 
uble (they have a very large K,,), the solution is alad 1.00 M in Ca”. Calcium fluoride, on the other hand, has 
a very small K,, of 4.0 x 107" at 25 °C. 


CaF (s) = Ca” (aq) + 2 F (aq) K,, = 4.0 x 10" 


Because Ca” is already present, the equilibrium shifts to the left, and less CaF, dissolves in the solution than 
would dissolve in pure water. 


The number of moles of CaF, that could be dissolved in 1.00 L of 1.00 M Ca(NO,), solution can be determined 
using a R.I.C.E. table. 


Reaction 


Initial Concentrations (M) a E 


Change +x | + +2% | 
Equilibrium +} 00 +: x 
Concentrations (M) 


Again, the solubility product expression is used, but it becomes apparent that the algebra required to solve for x 
is complicated beyond the scope of the AP Chemistry exam. 


= [Ca FY 
K,, = (1.00 + x)(2x) = 4.0 x 10” 
Rather than solving the resulting polynomial expression for x, the simplifying assumption can be made that x, the 


number of moles of CaF, that dissolve in a 1.00 M solution of Ca” solution, is negligibly small. In that case, it 
can be omitted from the (1.00 + x) term. 
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4.0x10™ = (1.00 + X )(2x)* = 4x? 


-11 
— = x=3.2x10% M 


The solubility of CaF, in aqueous solution of 1.00 M Ca(NO,), at 25 °C is 3.2 10° M. 


PRACTICE: 


Zinc hydroxide, Zn(OH),, has a K,, of 4.5 x 10°’ at 25 °C. Compare the solubility of Zn(OH), in pure 
water with the solubility of Zn(OH), in a 0.250 M solution of Zn(NO,), (a) qualitatively and (b) 


quantitatively, by calculating the solubility of Zn(OH), in pure water and in 0.250 M Zn(NO,), 
solution. 


(a) The dissolution of Zn(OH), occurs according to the reaction shown. 

Zn(OH),(s) = Zn**(aq) + 2 OH (aq) 
Zinc hydroxide will be less soluble in a solution containing Zn(NO,), because, according to Le Chatelier’s 
principle, the Zn% ion present will shift the dissolution equilibrium to the left, in the direction of the reactant. 


(b) The solubility of Zn(OH), in pure water is calculated as before. 


_— 


Change icre a 
Equilibrium 
Concentrations (M) 


= [Zn”][OH 


K,, = (x)(2x) = 4.5 x 10 


4.5x107" =(x)(2x) = 4x? 


4.5x10 7 
ae ED M 


The calculation of the solubility of Zn(OH), in a 0.250 M Zn” solution takes the common ion effect into 
account. 


TIN 
Initial Concentrations (M) ie Concato (9) N L 0.250 — 


Change 
Equilibrium oe 230 + X 
Concentrations (M) 


The value of x is negligible compared with the initial Zn** concentration. 


K,, =[Zn**][;OH 7 


K,, =4.5x10™ =(0.250+ X X2x 
-17 
DN oi 
(0.250)(4) 
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The solubility of Zn(OH), in pure water (2.2 x 10° M) is greater than the solubility in a 0.250 M Zn” solution 
(6.7 x 10° M). 


Precipitation Reactions 


The K,, for an ionic compound can be used to determine whether or not a precipitation reaction will occur when 
aqueous Solutions of the ions are combined. 


The K,, of BaSO,, for example, is very small at 25 °C. Barium sulfate is minimally soluble in water. 
BaSO,(s) => Ba™*(aq)+SO,” (aq) K,, =1.1x 107%" 
This solubility product can be compared with a reaction quotient, Q, to determine whether a precipitation 


reaction will occur under a specified set of conditions. 


For example, a student adds 25.0 mL of a 1.0 x 10* M solution of Ba(NO,), to a 25.0-mL solution of a 1.0 x 10% 
M solution of Na,SO,. Is a precipitation reaction expected to occur? 


First, find the number of moles of Ba” and SO. 


4 
(0.0250 X (a =2.5x 10% mol SO,” =2.5x 10 mol Ba” 


_ 2.5x10° mol 
0.050 L 
Q =[Ba™ ][SO,” ]=(5.0x 10°) =2.5x10° 


[Ba**]=[SO,” ] =5.0x10° M 


Because Q is greater than K,,, the dissociation reaction shifts toward the solid reactant. In other words, a precipi- 
tation reaction occurs. 


PRACTICE: 


Predict whether a precipitation reaction will occur when 125 mL of a 0.0420 M solution of KI are 


added to 125 mL of 0.0210 M Pb(NO,),. The K, for PbI, is 1.4 x 10™ at 25 °C. 


The dissolution reaction for PbI, is 


PbI,(s) = Pb” (aq) + 2 I (aq) 


The reaction quotient must be determined using the initial concentrations of Pb” and I that results upon the 
addition of the two solutions. 


0210 mol Pb” 
(0.125 y)[ 22H mom" TY 2 l 
NEF 105x10 M 


0.250 L 


(0.125 A G } 

[I ]= —— M 10x10? M 
0.250 L 

Q =[Pb>]T P = (1.05 x10°)(2.10 x107)? = 4.63 x 10° 


[Pb** ]= 


Because Q is greater than K,,, the equilibrium favors the solid reactant, and a precipitation reaction occurs. 
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The Thermodynamics of Equilibrium 


The equilibrium constant is an indication of the thermodynamic favorability of a process at a particular 
temperature. If a reaction has an equilibrium constant larger than 1, it will occur in the forward direction 
spontaneously. In other words, K > 1 and AG® < 0. 


On the other hand, if a reaction has an equilibrium constant less than 1, K < 1, then AG? > 0 for the process. 

When a reaction is at equilibrium, K = 1 and AG° = 0. 

The relationship between AG° and K is given on the AP Chemistry Equations and Constants sheet (pages 365-366). 
AG? =—-RT In K 


In the K expression, partial pressures must be used for gases, and concentrations must be used for species in 
solutions. (The reason for this is beyond the scope of the AP Chemistry exam.) 


Also, note the R units must be compatible with the AG® units. Therefore, the R used in the above equation is 
R= 8.314 J/mol K 


PRACTICE: 


Determine the change in Gibbs free energy, AG°, for the autoionization of water at 298 K. 


The autoionization of water occurs with a K, of 1.00 x 10°“ at 298 K. 


AG? = -(8.314 Jmol" )(298 K’) In 1.00x 10™ 
AG? =7.99 x 10* J-mol™ 


When the reaction quotient, Q, is less than K, AG < 0; the conversion of reactants to products is thermodynami- 
cally favored. When Q is greater than K, AG > 0; the conversion of reactants to products is thermodynamically 
disfavored. 


Below, the free energy of a reaction is plotted against reaction coordinate with pure reactants on the left and pure 
products on the right. At equilibrium, Q = K and AG = 0. 


The Relationship Between Free Energy and Equilibrium 


Q=K 
AG=0 
at equilibrium at equilibrium 
Pure Pure Pure Pure 
Reactants Products Reactants Products 
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PRACTICE: 


For the formation of gaseous ammonia by the reaction of nitrogen and hydrogen gases, AH? is —92.6 
kJ-mol™ and AS° is —199 J-'-K™. If the partial pressures of NH,, H,, and N, are 1.5 atm, 0.080 atm, 


and 0.060 atm, respectively, will the reaction shift toward reactants or products in order to reach 
equilibrium at 298 K? 


The balanced equation is 


N,(g) + 3 H,(g) = 2 NH (8) 


The value of AG° must first be determined from AH”? and A S°. 
AG° = AH?’ — TAS’? 


l 
AG° = -92.6 kJ - mol’ x | = (298 K)(-199 J--mol!- Kt )} = —3.33x10* J- mol” 
The value of AG” is used to calculate K. 
AG° =—RT In K 


-3.33x10* Jmol! -K7 =—(8.314 Jmol )(298 K’) In K 
-3.33x 10" Jemol™-K™ 


In K = ——————_——__—_ = ]34 
-(8.314 Jmol )(298 K) 
K=e°"=7 210° 
The expression for Q is 
Fyn, 7 1.5° 


= 3 = —___"______=7 3x10" 
Py Fi, _ (0.060)(0.080) 


Since Q is less then K, the reaction will proceed toward the product. 


Equilibrium and Electrochemistry 


AP Chemistry exam questions sometimes require students to predict the nonstandard cell potential, E, or the free 
energy change, AG, for an electrochemical cell under nonstandard conditions. (Remember, under standard 
thermodynamic conditions, the concentrations of solutions are exactly 1 M, pressures are 1 atmosphere, and 
temperature is 298 K.) 


In Big Idea 5 (Chapter 5, “Thermodynamics’’), the relationship between the standard Gibbs free energy change 
for an electrochemical process and the standard cell potential was considered. 


AG? = -nFE° 


The relationship between the nonstandard Gibbs free energy change and the nonstandard cell potential is similar 
to the relationship at standard conditions. 


AG = -nFE 
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It is important to realize that as a cell reaction proceeds, E and AG both approach zero. The concentrations of all 
reactants and products approach those that satisfy the expression for K. For a battery (or galvanic cell), once the 
reaction has reached equilibrium, the battery is said to be “dead.” 


AP Chemistry students are expected to be able to make qualitative predictions regarding cell potentials under non- 
standard conditions. For example, consider the following redox reaction under standard cell conditions at 25 °C. 


3 Sn“*(aqg) + 2 Cr(s) > 3 Sn**(aq) + 2 Cr**(aq) 


Half Reaction Standard Reduction Potential, E° (V) 


The standard reduction potential is calculated as usual. For a thermodynamically favorable process, Sn“, having 
a greater E? value, gets reduced at the cathode, while Cr gets oxidized at the anode. 
E? cot = E? 


E = 0.15 V — (0.74 V) = 0.89 V 


reduction oxidation 


This value of E° is valid when [Sn**] = [Sn"] = [Cr**] = 1.00 M. Consider the case where [Sn7*] is greater than 1.00 
M. In terms of the nonstandard reduction potential, EF is now less positive than E°. 


A more serviceable method for determining the nonstandard cell potential is to use the Nernst equation. Despite 
the removal of the Nernst equation from the AP Chemistry curriculum by the College Board, students who are 
familiar with the Nernst equation and are equipped to use it correctly in support of their responses have the 
advantage of an enhanced understanding. Although the Nernst equation no longer appears on the AP Chemistry 
Equations and Constants sheet, it is simple to remember and to understand. 


E=E° - uae log Q (only valid at 298 K) 
n 


Here, E and E° are the nonstandard and standard cell potentials, respectively; n is the number of electrons trans- 
ferred in the balanced redox equation; and Q is the reaction quotient. The equation is derived from the relation- 
ship between the change in Gibbs free energy and Q. 


For example, suppose a galvanic cell is composed of the following two half reactions. 


Half Reaction Standard Reduction Potential, E° (V) 


Pb” (aq) + 2 e > Pb(s) -0.13 
Cag) + E 9 Clag 


The cell potential when [Pb?*] = 1.00 x 10° M, [Cr**] = 3.00 x 10% M, and [Cr**] = 3.00 x 10% M at 25 °C can be 
calculated using the Nernst equation. 


The first step is to determine the standard cell potential. For a thermodynamically favorable process, Pb** must be 
reduced, and Cr** must be oxidized. 


= E aii a EE E = 0.13. > (0.41 V) = 0.28 V 


The balanced redox equation is 


Pb**(aq) + 2 Cr (aq) > Pb(s) + 2 Cr**(aq) 
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There are a total of 2 electrons transferred in the balanced process (n = 2). 


3+ 42 442 
Ba Ee — 88 jog E] gagy _ 9:89 1, [3.00 x 10%] 
n 


E 2 ee Eee T 
= Pb CrP 2” [1.00x107][3.00 x10“ 


The nonstandard cell potential is 0.22 V. 


Review Questions 


Multiple Choice 


1. Given the data in the table below, determine the equilibrium constant for the reaction of Br,(g) with NO(g) 
to form NOBr(g). 


Br,(g) + 2 NO(g) = 2 NOBr(g) 


N,(g) + Br.(g) + O,(g) = 2 NOBr(g) | 2.0 x 10” 


1 1 Loa it 
z Nae) + 7 02(8) = NO(g) 


2.0 x 10° 
2.0 x 10” 
2.0 x 10°” 
2.0 x 10° 


SOW > 


2. What is the correct expression for K, for the reaction of iron(III) oxide with hydrogen gas? 
Fe,O,(s) + 3 H,(g) = 2 Fe(s) + 3 H,O(g) 
[Fe,03]F4, 
2 p3 
[Fe] Fao 


> 


23 
[Fe] Fio 
B. [Fe,0,]Fy, 


H,O 
C 3 
fa, 
fa,o 
D. Pa, 
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Questions 3—4 refer to the reaction of CO(g) with H,O(g). 


A 1.0-mole sample of CO(g) and a 2.0-mole sample of H,O(g) are combined in a rigid, evacuated 1-L vessel. 
They react to form CO,(g) and H,(g). At equilibrium 0.67 mole of CO,(g) is present in the container. 


3. What is the equilibrium constant, K,, for the reaction? 


A. 
B. 
C. 
D. 


0.5 
1.0 
2.0 
4.0 


4. The reaction is set up such that the concentrations of the species are as follows. 


Which of the following best describes the results of the reaction? 


A. 
B. 
C. 
D. 


The reaction will shift toward products to reach equilibrium because Q > K. 
The reaction will shift toward reactants to reach equilibrium because Q > K. 
The reaction will shift toward products to reach equilibrium because QO < K. 
The reaction will shift toward reactants to reach equilibrium because Q < K. 


Questions 5-7 refer to the decomposition of BrCl(g). 


2 BrCl(g) = Br,(g) + CL(g) K, = 36 at a certain temperature 


5. A closed, rigid 1.0-L container is charged with 2.00 moles of BrCl(g). What is the equilibrium 
concentration of BrCl(g) in the container? 


A. 
B. 
C. 
D. 


0.15 M 
0.92 M 
1.1 M 
1.8 M 


6. Which of the following is true of the reaction as it progresses from pure reactants toward equilibrium? 


A. 
B. 
C. 


The rate of the forward reaction decreases until it is equal to the rate of the reverse reaction. 
The rate of the forward reaction increases until it is equal to the rate of the reverse reaction. 

The rate of the forward reaction and the rate of the reverse reaction are identical throughout the 
experiment. 

The rate of the forward reaction decreases until equilibrium is reached and the reaction stops. 


315 


Chapter 6: Chemical Equilibrium (Big Idea 6) 


7. If additional Cl,(g) is added after equilibrium has been established, which graph best shows the effect on 
the concentration of Cl (e)? 


A. B. 
Time 
Cl, added 
C. D. 
Time Time 
Cl, added Cl, added 


8. Hemoglobin, Hb, is an iron-containing metalloprotein that transports oxygen and other gases in the blood 
of mammals. Carbon monoxide poisoning occurs when CO coordinates with the iron in hemoglobin. 


[Cl] 
[Cl] 


[C13] 
[C13] 


Hb(O,),(aq) + 4 CO(g) = Hb(CO),(aq) + 4 O8) 


Which strategy would be effective for reversing the effects of carbon monoxide poisoning? 


A. Exposing the system to a low partial pressure of O,(g) 
B. Exposing the system to a high partial pressure of O,(g) 
C. Lowering the total pressure of the system 

D. Raising the total pressure of the system 


9. The reaction of Cl, with H,O forms HCl and O,. The value of K, is 1.9 x 10™ at 298 K. 
2 CL(g) + 2 H,O(g) = 4 HCK(g) + 0,(g) AH? = 115kJ-mot! 


What effect will an increase in temperature have on the equilibrium constant? 


K, will decrease because there are more product molecules than reactant molecules. 
K, will increase because the reaction is endothermic. 

K, will be unaffected because it is constant. 

The change in K, depends on the change in enthalpy at the new temperature. 


SOM pe 


10. What is the pH of a 5.00 x 10° M aqueous solution of Ba(OH),? 


A. 9 

B. 12 
C. 13 
D. 14 


11. An acid, HA, has a pK, of 4.00. What is the approximate percent ionization of a 0.010 M aqueous HA 


solution? 
A. 0.10% 
B. 1.0% 
C. 10% 
D. 100% 
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12. Which of the following salts is expected to have the highest pH in a 1.00 M aqueous solution? 


A. NaClO, 
B. KBr 

C. Mel, 

D. Ca(CN), 


13. Given the following acid dissociation constants, select the correct statement. 


7.53 10° CIR 10° 4.8 x 10% 
H,C,H,O, 8.4 x 10° 1.8 x 10° 4.0 x 10° 


H,PO, is a weaker acid than H,C,H.O, 
HPO,” is a weaker base than C,H.O,” 
H,PO, is a stronger acid than H,C,H.O, 
PO,” is a stronger base than C,H.O,” 


SOM p 


Questions 14—16 refer to the amino acid glycine. 


Glycine, H,NCH,CO,H, is the simplest of the twenty amino acids that are commonly found in proteins. It con- 
tains a weakly basic amine group, —NH,, and a weakly acidic carboxylic acid group, —CO,H. In very low pH solu- 
tions, the amine group is in conjugate acid form and the carboxylic acid group is neutral. In very high pH 
solutions, the carboxylic acid group is in conjugate base form and the amine group is neutral. The neutral carbox- 
ylic acid group is more strongly acidic than the conjugate acid form of the amine group. A 20.0-mL aqueous 
solution of 0.100 M glycine is titrated with 0.100 M NaOH at 25 °C. The following titration curve results. 


12 


ph pih. 
© = 


pH 
O = NV y HRW A ~ Cw O 


0 5 10 15 20 23 30 35 40 45 
Volume of Base Added (mL) 


14. Which of the structures below correctly shows the form of glycine at point A in the titration? 


A. H H O—y B. H H :O—H 
| | ¥ eal | / 
NCS 6 Neo 
\e | | N 
H H OH H H 
C H H ğe D H če 
hA ae" sik of 
H—N—c—Cc H—N—c—c 
1} | \ | | N 
H H H H 
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15. 


16. 


17. 


18. 


19. 
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A zwitterion is a compound that contains atoms with both positive and negative formal charges. Based on 
the information above, at what point in the titration curve is the concentration of zwitterionic glycine the 
highest? 


A. Point A 
B. Point C 
C. Point D 
D. Point E 


Estimate the pK, for the following reaction of glycine. 


*H,NCH,CO, (aq) + H,O() = H,NCH,CO, (aq) + H,O* (aq) 


A. 2.3 
B. 6.0 
C. 9.6 
D. 11.0 


Use the data in the table to determine which scenario would lead to a buffer with a pH of 6. 


1.0 mole of NaOCl is added to 0.01 mole of HOCI in enough water to make 1.0 L of solution. 
0.01 mole of NaF is added to 1.0 mole of HF in enough water to make 1.0 L of solution. 
1.0 mole of NaF is added to 0.01 mole of HF in enough water to make 1.0 L of solution. 
0.01 mole of NaOCl is added to 1.0 mole of HOCI in enough water to make 1.0 L of solution. 


SAW > 


At a certain temperature, the K,, of magnesium hydroxide is 4.0 x 10°”. What is the pH of a saturated 
solution of magnesium hydroxide at this temperature? 


A. 8.6 

B. 10.3 
C. 11.0 
D. 12.0 


Two reactions have enthalpy changes that are almost identical, yet one of the reactions has an equilibrium 
constant that is much larger than the other. Which of the following must be true? 


The reaction with the larger equilibrium constant has the more positive entropy change. 
The reaction with the larger equilibrium constant has the less positive entropy change. 
The reaction with the larger equilibrium constant has the larger activation energy. 

The reaction with the larger equilibrium constant has the smaller activation energy. 
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20. A galvanic cell is constructed in which a silver electrode is immersed in 50.0 mL of an aqueous 1.0 M 
AgNO, solution and a zinc electrode is immersed in 50.0 mL of an aqueous 1.0 M Zn(NO,), solution. The 
two half-cells are connected by a salt bridge. A 0.010-mg sample of solid NaCl is added to only one of the 
half-cells. Which choice correctly describes the effect on the cell potential? 


AgCl 1.3 x 107” 


Half Reaction Standard Reduction Potential, E° (V) 
Zi (ag) + 2 & > Za) 
Asad) +e ABW) 


A. The cell potential is decreased because the reaction quotient, Q, is increased by addition of NaCl to 
the zinc half-cell. 

B. The cell potential is increased because the reaction quotient is decreased by addition of NaCl to the 
zinc half-cell. 

C. The cell potential is decreased because the reaction quotient, Q, is increased by addition of NaCl to 
the silver half-cell. 

D. The cell potential is increased because the reaction quotient is decreased by addition of NaCl to the 
silver half-cell. 


Long Free Response 


1. A 1.00-gram sample of solid CO, is placed in a rigid, evacuated 1.00-L vessel that contains a negligible 
volume of a solid metal catalyst. The reaction is heated to 3000. K, and the reaction shown below occurs. 


2 CO,(g) = 2 CO(g) + O8) 


a. What is the pressure inside the container at 3000. K before any reaction has occurred? 

b. When the system is at equilibrium, the total pressure in the container is 6.15 atm. Calculate the 
partial pressures of CO,(g), CO(g), and O,(g) in the container at 3000. K. 

c. Write the equilibrium constant expression, K, for the reaction. 
Calculate the value of the equilibrium constant for the reaction at 3000. K. 

e. Is the reaction exothermic or endothermic? Support your response with a discussion of the change in 
Gibbs free energy. 

f. If the temperature of the reaction is decreased to 2000 K, will the value of K, increase, decrease, or 
remain constant? Explain your response. 

g. Ina separate experiment, the original partial pressures at 3000. K are shown in the table below. Will 
the amount of CO, in the container increase, decrease, or remain constant? Justify your response with 
a calculation. 


Partial Pressure (atm) 


CO, 5.0 
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2. The graph below shows the results of the titration of 50.0 mL of a 0.500 M solution of a weak acid, HA, 
with 0.500 M NaOH. 


2 = 


14 
13 
12 
11 
10 


pH 


O -= NU AUAA N w 


0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 
Volume of NaOH Added (mL) 


Describe three features of the graph that identify HA as a weak acid. 


i. Describe three different ways that the acid dissociation constant, K,, for HA may be determined. 
ii. Choose one of the methods that you described and use it to calculate the K, for HA. 

On the graph above, sketch the curve that would result if 50.0 mL of 0.500 M HNO, were titrated 
instead of HA. 

How will the pH at the equivalence point differ if 1.00 M NaOH is used instead of 0.500 M? 

What is the pH of the solution after 10.0 mL of 0.500 M NaOH have been added to the HA solution? 
Would the pH at the endpoint of the titration be higher or lower than the pH at the equivalence point 


if an indicator with a K, of 1 x 10° had been used instead of a pH meter? Justify your response with 
a calculation. 


Short Free Response 


3. At 25 °C, the pH of 25.0-mL of a 0.00300 M aqueous solution of aniline, C,H;NH,, is 8.174. 
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a. 


Write the balanced net ionic equation for the base dissociation reaction of aniline with water. 
Determine the pK, of aniline. 

What is the pH of a 25.0-mL solution of 0.00300 M aniline to which 25.0 mL of 0.00100 M HCI have 
been added? 

When a few drops of additional HCI are added to the solution in part c, the pH does not change 
detectably. Write a net ionic equation that shows why this is true. 


A saturated solution of CaF, has an F concentration of 4.31 x 10* M at 25 °C. 


eof 


Write the expression for the solubility product, Ko for CaF,. 

Determine the K,, for CaF, at 25 °C. 

How many moles of CaF, will dissolve in a 1.00-L solution that is 0.250 M in NaF? 

At 25 °C, the pH of a saturated aqueous solution of CaF, is 7.10 and the pH of a saturated aqueous 
solution of MgF, is 7.85. A solution of 1.0 M NaF is slowly added to an aqueous solution that is 


0.100 M Mg(NO,), and 0.100 M Ca(NO.,),. Write the net ionic equation for the precipitation reaction 
that occurs first and explain your answer. 
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Answers and Explanations 


Multiple Choice 


1. D. (EK 6.A.2) Notice that when the second equation is reversed and multiplied by 2, the sum of the two 
equations gives the overall transformation. The equilibrium constant for the reaction of N, with O, must 
reflect the change to that equation. First, the equation is reversed. 


(1.0 x 10°) = 1.0 x 10” 
Second, the equation is multiplied by 2, so the equilibrium constant must be squared. 
(1.0 x 10’)? = 1.0 x 10” 
Third, the two equations are added together, so their equilibrium constants are multiplied. 
(1.0 x 10°°)(2.0 x 107 = 2.0 x 10° 


2. C. (EK 6.A.3) The solids do not contribute to the equilibrium expressions. The partial pressures are raised 
to the powers of the coefficients in the balanced equation. 


3. B. (EK 6.A.3) The balanced chemical equation is simply 
CO(g) + H,O(g) = CO,(g) + H,(g) 


The equilibrium concentrations can be determined using a R.I.C.E. table. 


‘Initial Concentrations) L10 20 Jo o 


Equilibrium Concentrations (M) | 0.33 1.33 0.67 


The math is simplified by recognizing that 0.33 is approximately 3" 


cae a n =1.0 
ener YD 


4. B. (EK 6.A.2) A comparison of K with Q gives the direction in which the reaction will proceed to establish 
equilibrium. 


2= [COJ[H,O] (2.0)(1.5) 


Since Q is greater than K, the reaction shifts to the left. Reactants are formed faster than products are 
consumed until equilibrium is reached. 
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5. A. (EK 6.A.2, 6.A.3) The equilibrium concentrations are determined using a R.I.C.E. table. 


2 BrCl Brn a 
Initial Concentrations ite Consens om (0 wo Ee 


Change 
Equilibrium 2 00 — 2x 
Concentrations (M) 
_ [Br, ][Cl, ] 
° [BrP 
2 
xX 
= 436 
(2-2x) a 
X — 
2-2x 
2 
13 


The equilibrium concentration of BrCl is 


2.00 — 2 = =0.15M 
13 


6. A. (EK 6.A.3) When the reaction begins, the rate of the reverse reaction is negligible compared with the 
rate of the forward reaction since there is little product to react. As the reaction proceeds, the rate of the 
forward reaction decreases and the rate of the reverse reaction increases until both rates are equal and 
there is no net change in the forward or reverse direction (although reaction in both the forward and 
reverse directions is still continuously occurring). 


7. A. (EK 6.A.3) When chlorine gas is added, the reaction consumes some of the added chlorine as it shifts 
back to the reactants. The final chlorine concentration, however, is still greater than it was after the initial 
equilibrium is established. 


8. B. (EK 6.A.1, 6.B.1) Increasing the partial pressure of O, will have the effect of shifting the equilibrium 
toward Hb(O.),, releasing CO. 


9. B. (EK 6.B.1) The reaction is endothermic, so an increase in temperature will shift the reaction toward 
products, increasing the equilibrium constant. 


10. C. (EK 6.C.1) Barium hydroxide is a strong, soluble base. For every mole of Ba(OH), dissolved, two moles 
of OH are released in the solution. The concentration of OH is 


5.00 x 10° mo 3 2 mol OH- 

CK 
IL l mo 3 

pOH =-log[OH ]=—1log1.00 x 107' =1 

pH = 14- pOH = 14-1=13 


= (0.100 M OH’ =1.00x10" M OH- 
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11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 
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C. (EK 6.C.1) The K, for the weak acid is 10%. 


HA(aq) + H,O() = A (aq) + H,0"(aq) 


The concentration of ionized HA is determined using a R.I.C.E. table. 


Initial Concentrations (M) 0.0100 b Wọ 


Change weet 
Equilibrium Concentrations (M) 0.0100 — x a ë WWW 


_ [B,O*]A ] 
: [HA] 
4 x? 
a 0.0100- X 


Ja x107)(1x107) = Vx? 
x=1x10° M =[A7] 


=3 
% ionization = a x 100% = 10% 
x 


D. (EK 6.C.1) The solution with the highest pH is the one in which the anion is the conjugate base of the 
weakest acid. The weakest conjugate acid is HCN, so the CN’ released by the Ca(CN), produces the most 
basic solution of the choices given. 


D. (EK 6.C.1) Given a list of K, values, the conjugate acid strength of the bases must be compared. The 
conjugate acid of PO,” is HPO,”, with a K, of 4.8 x 10°. The conjugate acid of C,H,O,” is HC,H.O,”, with 
a K, of 4.0 x 10°. Since HPO,” is a weaker acid than HC,H.O,”, PO,” is a stronger base than C,H.O,”. 


B. (EK 6.C.1) At the lowest pH in the titration, the carboxylic acid group has the form —CO,H, and the 
amine group has the form -NH,*, where the nitrogen atom has a formal charge of +1. 


B. (EK 6.C.1) The carboxylic acid group is the most acidic, so it reacts with OH first to form —CO, , where 
one of the oxygen atoms has three lone pairs and a formal charge of —1. Since the amine group still has the 
form zwitterionic -NH.* at the first equivalence point, the predominant form of glycine at the first 
equivalence point is zwitterionic. The first equivalence point is at Point C on the titration curve. 


C. (EK 6.C.1) The form of glycine that is present at the second equivalence point of the titration is the one 
in which both the carboxylic acid and the amine are deprotonated, H,NCH,CO, . This form is the 
conjugate base of the zwitterionic species, “H,NCH,CO,, for which the pK,, ~9.6, can be determined 
halfway between the first and second equivalence points. 


D. (EK 6.C.2) The Henderson-Hasselbalch equation can be used to determine which ratio of conjugate 
acid and conjugate base is appropriate. For the [OCT ]:[HOC]] ratio of 0.01:1.0, the pH is equal to 6. 


A` 1.0 x107” 
sek shies: l aioa D =8-2=6 
[HA] 1.0 


B. (EK 6.C.1, 6.C.3) The dissociation equation for Mg(OH), is 
Mg(OH),(s) = Mg” (aq) + 2 OH (aq) 


= [Mg JOH’ = x(2x) = 4x? 


4x? =4.0 x10" 

x=1.0x10* 

[OH7]=2.0 x10% 
pOH = 3-4 
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19. A. (EK 6.D.1) The reaction with the larger equilibrium constant has a more negative change in Gibbs free 
energy, AG°. Since both reactions have similar values of AH’, the reaction with the more positive entropy 
change will have a smaller AG? according to AG? = AH? — TAS’. 


20. C. (EK 6.D.1) The standard cell potential is positive for a galvanic cell, so Ag” is reduced at the cathode 
and Zn is oxidized at the anode. 


z D z E iiion = 0.80 V — (0.76 V) >0 


The overall balanced equation is 

2 Ag’ + Zn > 2 Ag + Zn” 
Addition of NaCl to the Ag” half-cell will cause AgCI to precipitate, decreasing the concentration of Ag” 
and increasing the reaction quotient, Q. 


The Nernst equation can be used to perform a quick logic check. 


2+ 
E=E Seige [2n] 
n [Ag ] 


A decrease in [Ag’] will increase the log Q term and decrease E. 


Long Free Response 


1. a. (EK 2.A.2) The pressure inside the container is determined using the ideal gas law. 


] 
1.00 gco7 x—— "CO2 _ 9.227 mol CO, 


44.01 gCo; 
p- ZRT _ (0.0227 mol )(0.08206 K -atm- mol" -K* (3000 K) 
V 1K 
b. (EK 2.A.2, 6.A.2, 6.A.3) The equilibrium partial pressures are related to one another by the 
stoichiometric coefficients in the balanced chemical equation. 


= 5.59 atm 


Initial Partial Pressure (atm) 559 jo fo | 


[Change i 
Equilibrium Partial Pressure (atm) 5.59 — 2x ae lie 


The total pressure in the container is the sum of the partial pressures. 


Fisi = (5.59 - 2x) + 2x + x = 6.15 atm 


x = 0.56 atm 


Poo, = 4.47 atm 


Poo = 1.12 atm 
Fo, = 0.56 atm 


c. (EK 6.A.3, 6.A.4) The equilibrium constant expression is 
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(EK 6.A.3, 6.A.4) The value of the equilibrium constant is determined from the partial pressures of 
the species present at equilibrium. 
_ (1.12)°(0.56) 


K => = = 0.035 
P (4.47) 


(EK 5.E.1, 5.E.3, 6.D.1) The equation AG? = — RT In K, shows the relationship between the change 
in Gibbs free energy and the equilibrium contstant. For K, < 1, AG? > 0. Because the entropy of the 
system is increasing when two moles of gas react to form three moles of gas, AS° > 0. In order for 
AG” to be positive according to the equation AG? = AH? — TAS*®, AH? must be positive. The reaction is 
endothermic. 


(EK 6.B.1) A decrease in temperature for an endothermic reaction decreases the equilibrium 
constant. 


(EK 6.A.2) In order to determine whether the reaction shifts toward reactants or products, it is 
necessary to evaluate Q. 


E (0.20)? (0.20) 


> — =3.2x10" 
(5.0) 


Q 


Because Q < K, the reaction will shift to the right. This means that the amount of CO, in the 
container will decrease. 

(EK 6.C.1) The three features of the graph that indicate that HA is a weak acid rather than a strong 
acid are 1) the initial pH is greater than 0.30, which is the expected pH for a 0.5 M solution of a 
strong acid; 2) there is an initial rise in the pH when base is first added, and then the pH levels off in 
the buffering region before it undergoes another sharp rise just prior to the equivalence point; and 
3) the pH at the equivalence point is greater than 7. 


i. (EK 6.C.1) The acid dissociation constant may be determined by 1) the pH and [HA] of the 


solution before any base has been added (the K, is equal to (107P i )’ ). 2) At the half-equivalence 


-pH 


HA 
point of the titration, the K, is equal to 10°”. 3) The K, at the aus point can be determined. 


14-pH) \? Ky 
(It is equal to (107 = 4) .) The K, can then be determined by x . 
[A ] 
ii. (EK 6.C.1) The simplest method is the second one, in which pH = pK, at the half-equivalence point. 


It can be seen from the plot that the pH at the half-equivalence point, when 25.0 mL of base have been 
added, is 6. 


K, = 10° 


(EK 6.C.1) If a HNO,, a strong acid, were titrated, the initial pH would be around 0.3, the curve 
would not rise initially and then enter a buffer region, and the pH at the equivalence point would be 7. 
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(EK 6.C.1) If 1.00 M NaOH were used instead of 0.500 M, a smaller volume of NaOH would be 
required to reach the equivalence point. The concentration of A’ would be greater since the total 
volume would be less, resulting in a slightly higher [OH ], a lower pOH, and a higher pH. 


(EK 6.C.1) The number of moles of HA present before the titration begins is 


0.500 mol HA 
0.0500 LHA x —————_ = 0.0250 mol HA 
1 LHA 


After 10.0 mL of 0.500 M NaOH have been added to the solution, the number of moles of HA that 
have been converted to A’ is 


marae Lao x 2:50 molNaOH 1 mol A 
1 LNaOH 1 mol NaOH 
The number of moles of HA remaining are 


0.0250 mol — 0.00500 mol = 0.0200 mol HA 


= 0.00500 mol A 


The Henderson-Hasselbalch equation, given on the AP Chemistry Equations and Constants sheet, 1s 
used to determine the pH of the solution at this point. Notice that the total volume, 60.0 mL, cancels, 
so number of moles can be used directly instead of concentrations in this calculation. 


pH = pK, + log La 6.0+log (22) =5.4 
[HA] 0.0200 


(EK 6.C.1) The pH at the endpoint of the titration is determined by the concentration and K, of A. 
The concentration is 


0.0250 mol A` 
0.100 L 


= 0.250 M A` 


Note that the volume used is the total volume after the addition of 50.0 mL of NaOH to the original 
50.0 mL of HA. 


The K, is determined using the K, of HA and K,,. 


K. 1x10“ 
— =1x10° 
> K 1x10% 


The base dissociation reaction of A` is as follows. 
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A (aq) + H,0() = HA(aq) + OH (aq) 


B [HA][OH ] 
” AT] 


A R.I.C.E. table is used to determine the equilibrium concentrations. 


Initial Concentrations (M) | 0.250 i We | 


Equilibrium 0.250- x x x. 
Concentrations (M) 


Substitution of the equilibrium concentrations into the expression for K, and the assumption that x is 
much smaller than the initial concentration of A’ allow for the calculation of the hydroxide ion 
concentration. 


2 
X 


0.250- X 

x =/(1.0 x 10*)(0.250) = 5.0 x10” M = [OH7] 
pOH = 5.0 x10” = 4.30 

pH = 14.00 — 4.30 = 9.70 


1.0x10°% = 


If an indicator with a pK, of 6 had been used, the pH at the endpoint of the titration would be about 
5-7, which is lower than the pH at the equivalence point. 


Short Free Response 


3. a. 


(EK 3.A.1, 6.C.1) The net ionic equation for the dissociation reaction of aniline with water is shown 
below. 


C,H,NH, + H,O = C,H,NH, + OH- 

State symbols are not required for credit, but if they are included, the reaction becomes 

C.H,NH,(aq) + H,O) = C,H;NH; (aq) + OH (aq) 
(EK 6.C.1) The pK, can be determined from the K,. The expression for the K, is 

_ [CsH;NH," ][OH ] 
= 
[C.H;NH, ] 
The value of the pH can be used to determine the pOH of the solution. 
pOH = 14.000 — pH = 5.826 


The [OH] concentration is 10°*” M, or 1.49 x 10° M. This is equal to [C,H,NH,’]. The aniline 
concentration is the difference between the initial concentration and the concentration of 
[C,H,NH, ]. 


[C,H,NH,] = 0.00300 M — 1.49 x 10° M = 0.00300 M 
_ (1.49x 10°) 


0.00300 
pK, =—log(7.43 x10) =9.13 


= 7,43x10° 


b 
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C. 


1 mol C,H.NH,* 
0.0250 LHCT x 0.00100 meHHCI | 1 mol C,H;NH,” 


(EK 6.C.2) The result of the addition is a buffer solution. The number of moles of C,H,NH, and 
C,H,NH,’ can be substituted into the base version of the Henderson-Hasselbalch equation. 


C,H;NH,(aq) + H"(aq) > C,H;NH, (aq) 


=2.50x10° mol C,H,;NH,* 


1 La | moat 
| 1 C,H,NH D 
joobe ni Nn e N me N atale piesent 
1L C.H.NH, 


7.50x10” mol C,H,;NH,- 2.50 x 10° mol C,H,NH,* = 5.00x10° mol C,H;NH, present at equilibrium 


C,H.NH,* -5 
pOH = pK, + log Yeon 7 =9.13+log{ 2500) -8.3 


[C,H,NH, | 5.00107 


pH = 14.00 -8.83 = 5.17 


d. 
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(EK 3.A.1, 6.C.2) The solution is a buffer since it has a base, C,H,NH, and its conjugate acid, 
C,H.NH,’. The reaction between HCI and aniline allows the opdi 6 resist a change in pH as HCl 
1S ‘added. 


C,H,NH, + H* = C,H.NH, 

State symbols are not required for credit, but if they are included, the reaction becomes 
C,H,NH,(aq) + H*(aq) = C,H,NH, (aq) 

(EK 6.C.3) The expression for K,, is based on the dissociation reaction of CaF, in aqueous solution. 

CaF,(s) = Ca” (aq) + 2 F (aq) 

= [Ca”]F F 
(EK 6.C.3) The concentration of F is twice the concentration of Ca’. 
[F ]=4.31x107* M 


4.31x10°* M 


[Ca**]= =2.16x10* M 


—4 —4\2 -11 
K „ = (2.16x10*)(4.31x10%)? = 4.00 x10 


(EK 6.C.3) The number of moles of CaF, that could be dissolved in 1.00 L of 0.250 M NaF solution 
can be determined using a R.I.C.E. table. 


Initial Concentrations (M) e [o fox 0.250 


Change si 
Equilibrium exe 230 F 2% 
Concentrations (M) 


= [Ca FP 


= 2 
K = (x)(0.250 + 2x) 
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Rather than solving the resulting polynomial expression for x, the simplifying assumption can be 
made that x, the number of moles of CaF, that dissolve in 1.0 L of a 0.250 M solution of F,, is 
negligibly small. 
4.0107" =(x)(0.250+ 2€) = 0.0625x 
x=6.40x10-" M 


A total of 6.40 x 10™ moles of CaF, will dissolve in 1.0 L of a 0.250 M solution of NaF at 25 °C. 
(EK 6.C.1, 6.C.3) The fluoride ion, F, is the conjugate base of a weak acid, HF, so a solution of F` 
will have a pH that is greater than 7 due to the reaction 


F (aq) + H,O() = HF(aq) + OH (aq) 


Because the saturated MgF, solution has a higher pH than the saturated CaF, solution, more F must 
be present in the MgF, solution. The solubility of MgF, is greater than the solubility of CaF,, so 
CaF, precipitates first. 


The net ionic equation for the precipitation reaction that occurs is just the reverse of the dissociation 
reaction. 


Ca” +2 F — CaF, 


State symbols are not required for credit, but if they are included, the reaction becomes 


Ca**(aq) + 2 F (aq) > CaF,(s) 
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Laboratory Review 


The College Board requires that 25% of an AP Chemistry course is devoted to laboratory work, and a number of 
questions on the exam are intended to assess student understanding of experimental chemistry. 


Safety 


Safety is always the top priority in any school, university, or professional chemistry laboratory. Questions about 
safety have been asked on past AP Chemistry exams. 


In lab work, the adage “measure twice, cut once” should be a guiding principle. Before beginning any lab experi- 
ment, make sure you have read and understood the objectives and procedure. Before you begin, ask your teacher 
to clarify anything that you do not understand. Think ahead and anticipate possible problems. Know the location 
of the eyewash, shower, or other nearby source of clean, running water. Research the hazards associated with the 
chemicals that you should be using. Here are some other good practices you should follow in the lab: 


= Wear your personal protective equipment. Eye protection is not optional. (Your prescription eyeglasses will 
not protect your eyes from flying shards of glass.) Lab aprons and gloves are recommended when working 
with hazardous or irritating substances that may splash. Closed-toe shoes should be worn, and long hair 
should be tied back. 


= Familiarize yourself with the Material Safety Data Sheets, or MSDSs, for the chemicals that you will be 
using. What are the first-aid procedures for skin contact, inhalation, ingestion, or injection (resulting from 
cuts with chemical-contaminated glass)? Is the chemical flammable? 
= If a strong acid is spilled on skin, wash the area with plenty of running water, followed by dilute sodium 
bicarbonate solution, if available. 
= If a strong base is spilled, flush the area with plenty of running water, followed by dilute acetic acid solu- 
tion, if available. 
m Never rinse your eyes with anything other than running water. 
= Does the chemical’s disposal require special procedures? Always follow your teacher’s disposal instructions. 
= Know that one of the serious safety hazards encountered in a lab class is incorrect dilution of strong acids. 
Always add concentrated acid to water; never add water to concentrated acid. 
= Never touch your eyes, nose, or mouth during lab. Nothing should ever go in your mouth during a chemis- 
try lab activity. Gum, food, drinks, pipettes, and your pencil, among other things, can all be contaminated 
with chemicals and solvents. Always wash your hands at the end of the laboratory session to prevent 
spreading chemical residues outside of the lab. 
= Know the location of fire extinguishers and fire blankets. Never pick up a vessel that contains a substance 
that has ignited. In case of a fire, alert your teacher and those around you immediately. If the fire is small 
enough to be extinguished with a watch glass, for example, do so. If the fire is large, follow your teacher’s 
instructions and evacuate quickly. 
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Glassware and Equipment 


Chapter 7: Laboratory Review 


The names and uses for the following laboratory glassware should be familiar. 


=o 3 Beaker 


Erlenmeyer flask 


Graduated cylinder 


Used to contain solids or liquids. 
A 100-mL beaker has a precision 
of +5 mL. 


Used to contain liquids and 
solutions. A 100-mL flask has a 
precision of +5 mL. 


Used to measure volumes of 
liquids that will be poured into 
other containers. A 100-mL 
graduated cylinder has a precision 
of +0.5 mL. 
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Fl Volumetric flask 


Volume 
mark 
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Used to deliver measured volumes 
of titrant in a titration. A 50-mL 
buret has a precision range of 
+0.05 to 0.1 mL. A buret is 
calibrated for use at a particular 
temperature. At other 
temperatures, the glass may expand 
or contract. 


Used to make solutions of known 
molarity at a calibrated 
temperature. A known mass of 
solid is added to the volumetric 
flask, and then solvent is added 
until the meniscus is at the mark. 
A 100-mL volumetric flask has 

a precision of +0.08 mL. 
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T Volumetric pipet Used to transfer measured volumes 
of liquid. When marked “TD,” 
which means “to deliver,” the liquid 


that remains in the tip should not 
be blown out after the liquid 
transfer. A 10-mL volumetric pipet 
has a precision of +0.02 mL. 


___ Volume 
mark 


T Separatory funnel Used to separate two immiscible 

op should be eae i a 

open when liquids. The less dense liquid forms 

draining the top layer in the separatory 
funnel, and the more dense liquid 
forms the bottom layer. The 
bottom layer can be drained out of 
the bottom of the funnel, 
separating it from the top layer. 


Crucible with lid Used to contain solids during 
heating to high temperatures. 
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Measurement 


Any measurement has an inherent uncertainty. For example, when reading the volume of a liquid in a graduated 
cylinder, the bottom of the meniscus can be read to the nearest marking, and then one more digit is estimated to 
the researcher’s best approximation. No more than one digit should be estimated. 


Estimation of a Volume 


Correct: 10.55 mL 


Incorrect: 10.6 mL 
Incorrect: 10.550 mL 


The number of significant figures for a reported measurement communicates the level of precision with which the 
chemist made a measurement. In the picture above, the measurement 10.55 mL has four significant figures. The 
higher the number of significant figures, the more precise the measurement. It is important to be familiar with the 
conventions for working with significant figures, as discussed on page 5 of the Introduction. 


AP Chemistry Experiments 
The 16 experiments in the AP Chemistry laboratory manual are briefly summarized below. 


The review of laboratory experiments in this book are not meant to replace detailed laboratory procedures, 
disposal, and safety concerns. Under NO circumstances are the scenarios for the labs to be used as directions 


for actually performing the laboratory work. 


Experiment 1: Measuring Concentration with 
Spectrophotometry 


The purpose of this experiment is to use a spectrophotometer or a colorimeter to determine the concentration of 
a dye in a commercial beverage by measuring transmittance, T, of a particular visible wavelength. Transmittance 
is the fraction of light of a certain wavelength that passes through a sample. It is related to the absorbance of a 
substance by 


A = -log T 
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PRACTICE: 


What is the absorbance of a sample that transmits 52% of the light at a given wavelength? 


The percent transmittance, % T, must be converted to transmittance, T. 


T= 0.52 


Absorbance is determined by taking the negative of the logarithm of the transmittance according to the equation 
below. 


A = -log T 


A = -log (0.52) = 0.284 


Absorbance measurements of greater than 1.5 mean that the transmittance is less than 10'”. This value is too 
small to be used with confidence, so dilution of the sample and re-measurement of the transmittance is required. 


Several known dilutions of the dye of interest are made in order to create a calibration curve. The transmittance 
values of the known solutions at a given wavelength are measured and recorded. The transmittance values are 
converted to absorbance values and plotted versus dye concentration. The absorbance of the blue beverage can 
be compared with the calibration curve as described in “Measuring Concentration Using Spectrophotometry” 
on page 118. 


Experiment 2: Determining the Composition of an Alloy 


In this investigation, spectrophotometry is again used to measure the concentration of a colored solution. The 
solution is produced when the copper in a sample of brass of unknown composition is converted to Cu” ions in 
a precise volume of water. 


The mass of a brass sample is determined using a balance, and then the brass is treated with a minimum volume 
of concentrated nitric acid. This produces blue Cu” ions in solution. 


Cu(s) + 4 HNO,(aq) > Cu(NO,),(aq) + 2 NO,(g) + 2 P,O) 


The resulting solution is diluted to a precise volume. The absorbance of the sample is measured and compared to 
a standard curve. (The standard curve is generated using various solutions of known Cu concentration.) 


PRACTICE: 


A 2.28-g sample of brass is dissolved in 20 mL of concentrated HNO,. The resulting blue solution is 
diluted to 100.0 mL in a volumetric flask. A 1.00-mL volumetric pipet is used to transfer a sample of 


the Cu” solution to another volumetric flask, and the sample is again diluted to 100.0 mL. 
Comparison of the absorbance of the resulting solution with a standard curve indicates a Cu” 
concentration of 0.00269 M. What is the mass percentage of copper in the original sample of brass? 


The final measured concentration of Cu** was the result of dilution of 1.00 mL of the original solution. The 
concentration of the original solution can be determined using the dilution equation. 


MV,=M,V, 
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_ M,V, _ (0.00269 M)(100.0 mÝ) 
V, 1.00 mÉ 


M, = 0.269 M 


The number of moles of Cu” can be calculated from the volume and the concentration of the original solution. 
The number of moles is then converted to grams using the atomic weight of copper. 


100.0 mÉ x _1¥ _ „0269 mol = 0.0269 mol Cu?” 


xX —_—_ 
1000 m€ 1K 
oo mader s ee ai Fie Gy 


1 meu” 


LN gCu 99% = 75.0% 


2.28 g brass 


Experiment 3: Gravimetric Analysis 


Gravimetric analysis is an analytical technique in which an insoluble solid is filtered from solution and dried. The 
mass of the solid is measured and the original concentration of the solution is deduced. 


The gravimetric experiment is one in which the concentration of calcium ions present in a sample of water is 
determined by precipitation, filtration, and drying. An excess of sodium carbonate is added to the unknown Ca 
solution. The product is solid calcium carbonate, which has a K,, of 8.7 x 10°. The net ionic equation is 


2+ 


Ca” (aq) + CO, (aq) > CaCO (s) 


The solid is filtered through a vacuum filtration apparatus, as shown on page 10. A piece of pre-weighed filter 
paper is used to collect the solid. 


Once the solvent has been removed, the solid is washed with a small amount of deionized water. The filter paper 
with the wet solid is placed on a watch glass in a drying oven and allowed to dry completely. When the solid is 
dry, the mass of the filter paper with the solid is determined and the mass of the empty filter paper is subtracted 
to give the mass of the solid. 


It is important to note that if the sample is not rinsed with deionized water before drying, the mass will be too 
high due to the presence of other ions. If the sample is rinsed with too much deionized water, however, the mass 
will be too low due to some dissolving of the slightly soluble calcium carbonate. 


In addition, it is important to break up the pieces of solid calcium carbonate with a metal spatula between peri- 
ods of drying in order to release water that is trapped in the interior of the solid. 


PRACTICE: 


A 1.00-L sample of mineral water is boiled down until about 20 mL remain. Approximately 40 mL of 
0.5 M Na,CO, are added to the solution and a precipitate forms. The solid is filtered and dried, and 
the following data is collected. What is the concentration of Ca” in the original sample? Report your 
answer in mol: L”. 


Mass of filter paper 0.238 g 
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The mass does not change very much between the third and fourth drying periods, so the final mass of the solid 
plus the filter paper is 2.041 g. The mass of the sodium carbonate solid is 


2.041 g — 0.238 g = 1.803 g 


This mass can be divided by the molar mass of CaCO, to find the number of moles of Ca” in the 20-mL 
sample. 


1 mo 3 1 mol Ca?” 


1-803 EO STT ECO, T eT 


The molarity of Ca’* in the 1.00-L sample can be determined by recognizing that the total number of moles of 
Ca” were present in the 1.00-L sample. 


= 0.0180 mol Ca” 


0.0180 mol Ca” 
1.00 L 


= 0.0180 M Ca” 


Experiment 4: Acid-Base Titration 


The concentration of acid in fruit juices and sodas is determined in this experiment by titration of dilute 
solutions of these beverages with standardized sodium hydroxide. For an overview of titration, refer to 
“Measuring Concentration Using Titration” on page 121. 


Fruit juice contains citric acid, H,C,H.O,, a weak triprotic acid that can be titrated with standardized NaOH. 


H,C,H.O, + 3OH > C,H.O,” + 3 H,O 
The Structure and K, Values of Citric Acid 


CO,H 
Ka, = 8.4 x 10-4 


HO,C K,, = 1.8 x 10-4 


C 
CO,H 
“ae borg 2 
7 Ho Ka, = 4.0 x 10-6 
2 


OH 


Citric acid 


Sear ea 


Solid sodium hydroxide is very hygroscopic. This means that it quickly absorbs moisture from the atmosphere. 
This prevents solid sodium hydroxide from being accurately weighed. In order to determine the accurate 
concentration of a solution of sodium hydroxide, it must be standardized. Usually, the unknown sodium 
hydroxide solution is used to titrate a solution that contains an accurately known mass of potassium hydrogen 
phthalate, KC,H.O,, or KHP, a monoprotic acid that is not hygroscopic and can be weighed easily. 


PRACTICE: 


A 2.0-g sample of sodium hydroxide that has been exposed to the atmosphere is added to a 1-L 
Erlenmeyer flask. Approximately 500 mL of water are added and the solution is thoroughly mixed. A 
1.038-g sample of KHP (MW = 204.22 g-mol") is added to a second Erlenmeyer flask and diluted 


with about 50 mL of water. Three drops of phenolphthalein indicator are added to the KHP solution, 
and it is then titrated with the sodium hydroxide solution. The indicator turns pink and remains pink 
after 56.97 mL of NaOH solution have been added. What is the molarity of the NaOH? 
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Sodium hydroxide and KHP react in a 1:1 mole ratio, so the number of moles of KHP equal the number of 
moles of NaOH at the endpoint. 


1.038 g KHP x | DeKHP _ 1 mol NaOH _ 9 995083 mol NaOH (0.0050827539) 


— Lm ——_ 

204.22 gKHP 1 mol KHP 

0.0050827539 mol NaOH 
0.05697 L 


= 0.08922 M NaOH 


For the titration of fruit juice, an indicator must be chosen that exhibits a color change at the pH of the endpoint. 
Although the pH at the endpoint is somewhat greater than 7, phenolphthalein can still be used as an indicator. At 
the endpoint of the titration, the concentration of citric acid can be determined. 


PRACTICE: 


A 10.00-mL sample of apple juice was transferred to an Erlenmeyer flask and diluted with 
approximately 20 mL of water. Three drops of phenolphthalein were added, and the acid was titrated 


to the endpoint with 18.12 mL of 0.03193 M standardized NaOH. What was the concentration of 
citric acid in the original apple juice sample? 


The number of moles of citric acid present is calculated from the volume and concentration of the NaOH 
required to titrate the sample. Since citric acid is a triprotic acid, 3 moles of NaOH are needed per mole of acid. 


0.01812 LNaOHl x 2.03193 mol NaOH | 1 mol citric acid 
| LNaOH 3 mol NaOH 


4 RAR: i 
1.929x10~ mol citric acid -0.01929 M citric acid 
0.01000 L 


= 1.929 x10% mol citric acid 


Experiment 5: Paper Chromatography 


Chromatography is a technique that separates compounds based on differences in their intermolecular interac- 
tions between a mobile phase and a stationary phase. 


In this experiment, a mixture of food dyes is separated using paper chromatography. The dyes have varying 
degrees of polarizability, polarity, and charge, as can be seen in the structures below. Their interactions with the 
mobile phase (water) and the stationary phase (paper) are sufficiently different to allow good separation. 


The Structures of Blue, Yellow, and Red Food Dye 


Yellow #5 Red #40 
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For a review of chromatography and the calculation of retention factor, R, see “Separation by Chromatography” 
on page 122. 


Several different solvent systems are used, but the ones that give the best separation of the dyes are water and 
isopropyl alcohol. 


Separation of Food Dyes by Paper Chromatography 


Solvent = isopropyl 


Blue: Rr = 0.95 


Blue: Rr = 0.89 
Red: Rr = 0.85 


Yellow: Rr = 0.68 


Red: Re = 0.31 


Yellow: Rr = 0.05 


PRACTICE: 


Yellow food dye and red food dye have different retention factors in water and isopropyl alcohol. 


Which dye (red or yellow) experiences greater intermolecular attractions with water, and which 
experiences greater attractions with isopropyl alcohol? 


Yellow food dye travels farther up the paper when water is used as the mobile phase than it does when isopropyl 
alcohol is the mobile phase. Red dye travels farther up the paper when isopropyl alcohol is the mobile phase than 
it does when water is the mobile phase. Yellow food dye experiences greater attractions to water than to isopropyl 
alcohol, and red food dye experiences greater attractions to isopropyl alcohol than to water. 


Experiment 6: lonic, Covalent, and Metallic Bonds 


In this experiment, various unknown solids are classified by bonding type: ionic, polar covalent, nonpolar cova- 
lent, or metallic. Unknown substances may include the following: 


Tonic | Covalent (polar) Covalent (nonpolar) 


NECI | CiH,CO,H (benzoic acid) 
CuHinOy Guerose) | Todine q 


339 


Chapter 7: Laboratory Review 


Methods for determination include assessment of water solubility, pH, melting point, and electrical conductivity. 


Solubility in water: All ammonium salts are soluble, so NH,CI will dissolve. Also soluble are MgO, C,H.CO,H, 
and C,,H,,O,,. Wax, iodine, aluminum, and magnesium are insoluble. 


Remember: A compound is not necessarily soluble in water merely because it is ionic. Some ionic compounds 
have low K,, values. 


= The pH of the resulting aqueous solution may be higher or lower than 7. The pH values of solutions of 
NH,‘ and benzoic acid are slightly lower than 7. The pH value of MgO is higher than 7 due to the forma- 
tion of a hydroxide in aqueous solution: MgO + H,O > Mg(OH),. The sucrose solution is neutral. 


= The conductivity of the aqueous solution indicates the presence of ions. NH,Cl and MgO (Mg(OH),) are 
highly conductive strong electrolytes in aqueous solution. Benzoic acid, a weak acid, is weakly conductive, 
and sucrose is a nonelectrolyte. 


Melting point determination can distinguish between molecular solids and ionic solids. The coulombic attraction 
between oppositely charged ions is much stronger than the intermolecular forces that hold the molecules of a 
molecular solid together. The melting point of benzoic acid, a molecular solid, is much lower than an ionic com- 
pound. A simple test for a low melting point is to place a small amount of the solid on the clean lid of an alumi- 
num can. The lid is placed on a hot plate and heated. If the solid melts, the melting point is reasonably low, and 
the solid is not ionic. 


Metallic solids can be distinguished from nonpolar covalent solids by their electrical conductivity. If a sample is 
conductive in the solid state, the electron sea model of bonding applies. A solid that is not conductive and not 
soluble in water is likely to be a nonpolar covalent compound. 


A final test for a nonpolar covalent compound is dissolution of the compound in a nonpolar solvent such as hex- 
ane. Iodine and wax are soluble in hexane, while metals such as aluminum and magnesium are not. 


PRACTICE: 


A solid green crystalline sample appears to be insoluble in deionized water. The solution exhibits slight 
electrical conductivity, and the pH of the water is greater than 7. When a few drops of aqueous HCl 


are added to the solution, more of the solid dissolves. The sample is insoluble in hexane, chloroform, 
and ethanol. When the solid is heated to the maximum temperature that can be achieved with a hot 
plate, it does not melt. Is the solid ionic, polar covalent, nonpolar covalent, or metallic? 


The insolubility of the compound in water does not rule out any of the four possible bonding types. 


The high pH of the solution rules out weak acids but not weak bases. The sample is unlikely to be metallic since 
it is a green crystal. The slight electrical conductivity of the solution confirms that the sample is either an ionic 
compound with a low K,, or a weakly basic polar covalent compound. 


The high melting point and insolubility in solvents such as hexane, chloroform, and ethanol suggest that this 
solid is an insoluble ionic compound. 


Experiment 7: Decomposition Stoichiometry 


In this experiment, the composition of a mixture of NaHCO, and Na,CO, is determined. One of the compounds, 
NaHCoO,, undergoes decomposition upon heating, but the sample is not heated to a temperature high enough to 
decompose Na,COQ,. 


2 NaHCO, (s) —^ Na,CO,(s)+H,O(g)+ CO, (2) 
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By comparing the mass of the mixture with the mass of the decomposed sample, the number of moles of CO,(g) 
lost can be determined. This information may be used to find the mass of the NaHCO,(s) in the original sample. 


The technique for heating the mixture involves placing it in a pre-weighed crucible, covering it with the lid askew so 
that gases do not build up and blow off the lid, and heating the crucible in a ceramic triangle over a Bunsen burner. 
After the sample is removed from the heat, it is allowed to cool completely before the mass is determined. 


Heating a Laboratory Crucible over a Bunsen Burner 


Crucible with lid askew 


Stand, 
support 
Ring, 


Triangle 
pipe stem 
Laboratory 
burner 


A mixture of solid Na,CO, and NaHCO, has a mass of 1.073 g. The mixture is placed in a crucible 
with a mass of 23.940 g. After heating to constant mass and cooling, the mass of the crucible plus the 
sample is 24.728 g. 


To prevent splattering of 
contents, heat gently. 


Heat with the cover open for 
drying precipitates, ashing, etc. 


PRACTICE: 


(a) What is the percentage of NaHCO, in the original mixture? 


(b) Would the calculated percentage be too high or too low if an additional impurity with a very high 
melting point was present in the mixture? 


(a) The mass of the crucible plus the original sample is 

23.940 g + 1.073 g = 25.013 g 
The mass of the sample that was lost is 

25.013 g — 24.728 g = 0.285 g 


The mass of the sample that was lost is due to a 1:1 ratio of CO, (MW = 44.01 g-mol") and H,O (MW = 
18.02 g-mol"). Let x be equal to the number of moles of CO, lost and the number of moles of H,O lost. 


mass lost = x(44.01 g- mol™)+ x(18.02 g- mol) = 0.285 g 
x(44.014+ 18.02) = 0.285 
x = 0.00459 mol H,O = 0.00459 mol CO, 


The balanced chemical equation shows that the stoichiometric ratio of NaHCO, to CO, is 2:1. Therefore, 


2 molNaHCO, 84.01 g NaHCO, 
0.00459 mol €O, x x —_2 =0.771 g NaHCO, 
1 moleo; 1 mol 


The mass percentage of NaHCO, in the original sample is 


0.771 g NaHCO, 


x 100% = 71.9% NaHCO, 
1.073 g sample 
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(b) A second impurity would cause the calculated mass of NaHCO, to be artificially high. The calculated mass 
percentage, therefore, would also be artificially high. 


Experiment 8: Redox Titration 


Titrations are not limited to acid-base reactions. Concentrations can be determined by titrations that exploit 
redox reactivity as well. In this experiment, the concentration of H,O, in a commercial bottle of peroxide is deter- 
mined by redox titration. 


Hydrogen peroxide, H,O,, is a clear, colorless, approximately 3% aqueous solution that is used as an antiseptic 
and bleaching agent. When purple permanganate, MnOj, ions are added to peroxide in acidic solution, they are 
oxidized to Mn’, which is colorless. When all of the H,O, has reacted, any additional MnO; added to the solu- 
tion will cause the solution to turn pink. 


The two relevant half reactions are 
H,O,(aq) > O,(g) + 2 H (aq) + 2 e 
MnO; (aq) + 8 H*(aq) + 5 e- > Mn” (aq) + 4 H,O() 
The overall balanced equation is 
5 H,O,(aq) + 2 MnO; (aq) + 6 H*(aq) > 5 O,(g) + 2 Mn” (aq) + 8 H,O() 


PRACTICE: 


A 10.00-mL solution of H,O, of unknown concentration is titrated with 61.42 mL of a standardized 


0.04020 M MnO; solution. What is the percent by mass of H,O, in the original sample? Assume the 
density of the H,O, solution is 1.000 g-mL". 


The number of grams of H,O, in the sample is determined by determining the number of moles of MnO, , and 
then converting to moles of H,O, stoichiometrically. The number of moles of H,O, can be converted to grams by 
multiplication by the molar mass. 


— 0.04020 mol MnO; 5 moO, 34.02 g H,O, 
0.06142 L = 0.2100 g H,O 
I OE e = ILMO “2 mol MnO, Taino B 


From the density, we know that the 10.00-mL sample of H,O, solution had a mass of 10.00 g. The percent H,O, 
by mass in the sample is 


0.2100 g H,O, 
10.00 g solution 


x 100% = 2.100% 


Experiment 9: Liquid-Liquid Extraction 


Liquid-liquid extraction is the technique of partitioning a solute between two immiscible liquid phases due to 
selective solubility in only one of the phases. In this experiment, students separate aspirin from acetaminophen in 
a separatory funnel. 


The analgesics are first dissolved in ethyl acetate, an organic solvent. 
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The Structures of Aspirin, Acetaminophen, and Ethyl Acetate 


i 
C 
H,c~ ~oO O 
. —_— 
325" New 3 
O 
HO 
Aspirin Acetaminophen 
O 
| H2 


C C 
HC “O~ CH; 


Ethyl acetate solvent 


The solution is added to a separatory funnel, and then an aqueous solution of NaHCO, is added. Because water 
does not mix with ethyl acetate and because water is more dense than ethyl acetate, water forms the bottom layer 
in the separatory funnel. Neither aspirin nor acetaminophen is soluble in water. 


The separatory funnel is next shaken gently (with frequent venting to prevent pressure buildup), exposing the sol- 
utes in the ethyl acetate layer to the aqueous NaHCO,,. Because aspirin is a weak acid, it is deprotonated by 
HCO,, forming the sodium salt. The acetaminophen does not react and remains dissolved in the ethyl acetate 
layer. 


The sodium salt of aspirin is no longer soluble in ethyl acetate. As a result of further shaking and venting, the 
aspirin anion, which is water-soluble, is partitioned into the water layer, or aqueous phase. The resulting H,CO, 
decomposes into water and carbon dioxide. 


C,H,CO,H + HCO, > C,H,CO,; + H,CO, > C,H,CO; + H,O + CO, 


Use of a Separatory Funnel to Separate Aspirin from Acetaminophen 


Ethyl acetate 


Stopper, shake, 
and vent 


343 


Chapter 7: Laboratory Review 


The aspirin sodium salt solution is drained out of the separatory funnel, separating it from the ethyl acetate layer. 
Aqueous HCl is then added to the drained aqueous layer. This protonates the aspirin so that it is, once again, 
insoluble in water. It forms a solid precipitate that can be filtered. 


The ethyl acetate layer still contains some dissolved H,O in addition to acetaminophen. The ethyl acetate can be 
dried by addition of a small amount of insoluble MgSO,. Magnesium sulfate is insoluble in ethyl acetate, but it 
attracts the water molecules present in the ethyl acetate. The hydrated solid MgSO, can then be filtered off, taking 
the water with it. The ethyl acetate can then be evaporated, leaving pure acetaminophen. 


PRACTICE: 


A solution of dichloromethane, CH,CL, in a separatory funnel contains biphenyl, C,,H,,, a neutral 
compound, and 3-nitroaniline, C,H,NO,NH,, a weak base. Describe how the biphenyl might be 
separated from the 3-nitroaniline. 


NH, 


NO, 


Biphenyl Nitroaniline 


An aqueous solution of HCI can be added to the separatory funnel. The contents of the funnel are shaken and 
vented to expose the solutes in the CH,Cl, layer to the HCl in the aqueous layer. The 3-nitroaniline will be pro- 
tonated -NH, nitrogen, resulting in a water-soluble cation, -NH}, while biphenyl will remain in the CH,Cl, layer. 
The two layers are then separated, and the CH,Cl, layer is dried. The aqueous layer can be neutralized with aque- 
ous NaHCoO,, resulting in a neutral 3-nitroaniline precipitate, which can be removed from the water by filtration. 


Experiment 10: Measurement of the Rate of a Chemical 
Reaction 


This experiment examines the effect of the surface area of a solid reactant and concentration of an aqueous reac- 
tant on the rate of a gas-producing reaction. The reaction under investigation is between solid marble chips, com- 
posed of CaCO,, and aqueous HCl. 


CaCO,(s) + 2 HCl(aqg) > CaCl (aq) + H,O()) + CO,(g) 


The volume of gas collected can be measured as a function of time using either a syringe in a rubber stopper ora 
eudiometer (see page 345). Alternatively, the reaction flask can be placed on a balance, and the mass, which 
decreases as CO, is released, can be measured at regular time intervals. 
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Two Pieces of Apparatus for Measuring the Rate of Gas Formation 


Gas collection in a syringe Eudiometer 


The volume of gas collected is measured at regular, timed intervals, and the data is graphed as shown below. 


The Rate of Calcium Carbonate Decomposition 


160 
140 
120 
100 


Volume of Gas Collected (mL) 


0 20 40 60 80 100 120 
Time (s) 


PRACTICE: 


A student places 1-cm* marble chips in an Erlenmeyer flask, adds excess 1.0 M HCl, stoppers the flask 


with a gas collection syringe, and records the volume of gas collected at regular intervals. What are 
two ways in which the student might cause the rate of the reaction to increase? 


Two simple ways to increase the rate of the reaction are to increase the surface area of the marble chips by break- 
ing or grinding or to increase the concentration of the HCl used. Both of these actions increase the frequency of 
sufficiently energetic collisions that have the necessary orientations of reactants for the reaction to occur. 
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Experiment 11: Rate Law Determination 


The rate law for the reaction of a colored reactant can be determined by following the decrease in concentration 
of the reactant spectrophotometrically. In this experiment, the reaction of crystal violet with hydroxide is 
investigated. 


CV*(aq) + OH (aq) > CVOH (aq) 
The unreacted CV* is purple, and the reacted CVOH is colorless. 


A standard sample of CV* is added to a cuvette, and the absorption of crystal violet is measured across the spectrum 
of visible wavelengths. The wavelength with the greatest absorption is chosen, about 600 nm in the case of CV”. 


The Absorbance Spectrum of Crystal Violet 


400 500 600 700 
Wavelength (nm) 


Next, a standard calibration curve is generated. The absorbances of several concentrations of CV* are measured. 
Absorbance is plotted versus concentration, yielding a straight line. 


The concentrations of CV* at various times during the data collection are determined by comparing the absor- 
bance of the reaction mixture with the standard calibration curve as described in “Measuring Concentration 
Using Spectrophotometry” on page 118. 


The overall rate law for the reaction is 
rate = k[CV'TIOH F 
Hydroxide is used in such a large excess that its concentration changes only slightly compared with the change in 


concentration of CV*. In other words, the concentration of OH is approximately constant. The rate law can be 
simplified to 


rate=k [CVT 
where 
k’ = KOH? 


The concentration of CV" as a function of time is used to generate three plots: [CV’] versus time (zero order), In 
[CV*] versus time (first order), and [CV ŢT" versus time (second order). 
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PRACTICE: 


The following data was collected in a crystal violet fading experiment. What is the order with respect 
to [CV]? 


«iat 


Three plots of the data are shown below. In the classroom, these graphs would be generated using a graphing cal- 
culator or a program such as Microsoft Excel. It is highly unlikely that students will be asked to generate plots 
like these on the AP Chemistry exam, but they will need to do so in class, and they must understand how the 
plots are generated. 


Because all three plots appear linear, notice the correlation of determination, R°, value underneath the 
equation for each line. The closer this value is to 1, the better the data fits the calculated linear equation. 


—10.8 
—10.9 


0.00002 
0.000018 
0.000016 
0.000014 
0.000012 _ 

0.00001 an 
0.000008 y=) X10 *x+2* 10° 
0.000006 R2= 0.9973 
0.000004 
0.000002 


y = —0.0013x — 10.854 
R? = 0.9994 


[CV*] 


_ 300 400 500 600 
Time (s) 


y =91.081x + 49091 
R? = 0.9899 


Time (s) 


The linear plot of In [CV’] versus time indicates that the reaction is first order with respect to [CV’]. 
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Experiment 12: Constant Pressure Calorimetry 


The purpose of this calorimetry experiment is to determine the amount of heat absorbed or gained when various 
ionic solids are dissolved in water. For a review of the theory behind coffee cup calorimetry, refer to 
“Calorimetry” on page 231. 


The first requirement is measurement of the calorimeter constant. This is the amount of heat transferred to or 
from the calorimeter per degree of temperature change. This is measured by adding a volume of warm water to a 
water sample in the calorimeter and measuring the temperature change of the mixture. 


PRACTICE: 


A 25.0-g sample of water at 60. °C is added to a 25.0-g sample of water at 22 °C in a coffee cup 
calorimeter. After 15 seconds, the combined water in the calorimeter has a maximum temperature of 


40. °C. The specific heat capacity of water is 4.18 J-g'-°C™. What is the calorimeter constant, c.,,? 
Report your answer in units of J-°C". 


The heat lost by the warm water as it is added to the calorimeter is equal to the heat that is gained by the cool 
water and the calorimeter. 


Nost — ~ 4 gained 
dhot ~ - (deod t decal ) 
Miot CHol fho = -|m oia cH, of, cold + Coat AL, cold | 
(25.0 £X(4.18 J- g” - 9€7 (40. 2€ — 60. 2€°)=-[(25.0 £4.18 J- g” -2E7)(40. 2€ -22 2€) + c (40.°C -22 °C)] 
eB 


The amount of energy absorbed or released by a known quantity of a salt can be used to determine the enthalpy 
of dissolution. 


PRACTICE: 


The calorimeter from the preceding practice problem contains 25.0 g of water at 22.0 °C. A 1.00-g 


sample of CaCl, is added, and the solution is stirred. The final temperature of the solution is 27.8 °C. 


What is the enthalpy of dissolution, AH 


soln? 


of CaCl,? Report your answer in units of kJ-mol”. 


The total amount of heat released by the dissolution, q,» is equal in magnitude to the sum of the heat that raises 
the temperature of the solution, q.m and the heat that is lost to the calorimeter, qar 


dixn 7 (dson 3 Feat) 


The mass, m, of the water is 25.0 g. Notice that only two significant figures can be reported for q. but the entire 
calculated value should be carried through to the next step to avoid a rounding error. 


drxn = —[(mcAT ) + (CoAT I 


Grxn = 125.0 £ (4.18 J- g” - 2127.8 2K -22.0 2€) + (12 J- 2E7 (27.8 2€ — 22.0 2) 
qea = 680 J (—675.7) 
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In order to report the enthalpy change per mole of CaCl, dissolved, the number of grams of CaCl, is converted 
to moles. 


1.00 gCa€I, x rnol Ca e oime caai 


110.98 g Ca€T, 


The total heat divided by the number of moles is the heat of dissolution. 


—675.7 J l kJ 
H ixn = x 
0.00901 mol CaCl, 1000 J 


= —75 kJ- mol"! 


Experiment 13: Le Chatelier’s Principle 


In this lab, students apply Le Chatelier’s principle to equilibrium systems in order to generate solutions of differ- 
ent colors. In order to shift the equilibria and change the color of the solutions, students will apply different 
“stresses” to the equilibrium systems. 


= Bromothymol blue is an acid-base indicator. An aqueous solution of bromothymol blue is green in its neu- 
tral form, yellow in the presence of acid, and blue in the presence of base. The equilibrium can be shifted by 
addition of acid or base. 


BTB-H+H,O = BTB +H,0° 
Yellow Blue 


Addition of acid, H,O*, shifts the equilibrium to the left, so the solution appears yellow. Addition of OH 
removes H,O” from solution, shifting the equilibrium back to the right, so the solution appears blue. 


= When aqueous solutions of Fe** and SCN are mixed, an equilibrium is established with FeSCN”’. 


Fe +SCN7 = FeSCN* 
Yellow Dark red 


Addition of Fe** in the form of FeCl, shifts the equilibrium to the right, so more of the dark red complex 
is formed. Addition of SCN in the form of KSCN also shifts the equilibrium to the right. Addition of 
PO; in the form of Na,PO,, however, forms an insoluble precipitate, FePO,. This compound removes the 
Fe** from the solution, which shifts the equilibrium to the left. 


= An aqueous solution of Cu” ions forms a pale blue precipitate with OH” when a small amount of NH,, a 
weak base, is added. 


Cu**(aq)+2 OH (aq) = Cu(OH),(s) 


Blue Pale blue 
precipitate 


When additional NH, is added, Cu” from the Cu(OH), precipitate forms a complex ion with NH.. 


Cu(OH),(s) + 4 NH, (aq)+2 H,O) = [Cu(NH,),(H,0),]* (aq) + 2 OH (aq) 


Pale blue Dark blue 
precipitate 
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= Addition of CI in the form of HCl to a solution of hexaaquacopper(II) shifts the equilibrium toward the 
green tetrachlorocopper(II) form. Addition of excess H,O shifts the equilibrium back toward reactants. 


[CuH, O) t +4 C = [CuCl] +6 H,O 
Blue Green 


= The reaction of a solution of hexaaquacobalt(II) with chloride in ethanol is endothermic. Addition of Cl 
or heating the reaction will cause the equilibrium to shift toward products. Addition of acetone causes the 
reaction to shift to the right because acetone interacts strongly with H,O. This can be thought of as having 
the overall effect of “removing” water, which effectively increases the concentration of all species and 
leads to an equilibrium quotient that is less than K. (Remember, H,O does not appear in the mass action 
expression.) Addition of Ag” ions will drive the equilibrium toward reactants since AgCI forms an insolu- 
ble precipitate, removing CI from solution. 


[Co(H,0),]/*+4Cl = [CoCl,} +6 H,O 
Pink Blue 


= A solution of carbonated water, which has been produced by adding CO, to water, undergoes several equi- 
librium processes. Carbonation in water causes added methyl red to appear red. 


CO,(g) = CO,(aq)+H,OV) = H,CO,(aq) = HCO}(aq)+H,0* (aq) 


The disappearance The presence 
of H,O* causes of H,O* causes 
methyl red to methyl red to 
appear yellow. appear red. 


A syringe is filled with carbonated water to which a few drops of methyl red have been added. The air is 
expelled from the syringe, and the syringe tip is then closed with a Luer Lock valve. 


Syringe with Luer Lock 


The plunger of the syringe is pulled back to increase the volume and decrease the pressure (it creates a 
“suction”). This shifts the equilibrium toward reactants, which include CO,(g), so the methyl red indicator 
turns yellow. 


Experiment 14: Acid-Base Titration Curves 


In this lab exercise, students will titrate various strong and weak acids and bases. This titration requires the same 
practical skills as the previous titrations in experiments 4 and 8. In this experiment, however, students will need to 
be able to tell whether the acid or base is strong or weak by the shape of the titration curve. Instead of an indica- 
tor, a pH meter is used. 


For a detailed review of acid-base titration curves, refer to page 294. 
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When a strong acid is titrated with a strong base, the S-shaped titration curve begins at a low pH, rises steadily 
until just before the equivalence point, passes through the equivalence point at a pH of 7, and then levels off. 
When a strong base is titrated with a strong acid, the S-shaped titration curve begins at a high pH, decreases 
steadily until just before the equivalence point, passes through the equivalence point at a pH of 7, and then levels 
off. Students are expected to identify the analyte as a strong acid or a strong base by the shape of the titration 
curve. 


Titration Curves for Strong Acids and Strong Bases 


Titration of a Strong Acid Titration of a Strong Base 
with a Strong Base with a Strong Acid 


Equivalence point Equivalence point 


10.0 20.0 30.0 40.0 10.0 20.0 30.0 40.0 
Volume of Strong Base Added (L) Volume of Strong Acid Added (L) 


When a weak acid is titrated, the initial pH of the analyte is not as low as that of a strong acid. The pH rises 
gradually with added strong base in the buffering region until just before the equivalence point. When half of an 
equivalent of base has been added, the pH of the solution is equal to the pK, of the weak acid. At the equiva- 
lence point, the pH is greater than 7 because the major species in solution, the conjugate base of a weak acid, is a 
weak base. 


Titration of a Weak Acid with a Strong Base 


Equivalence point 


Volume of MOH Added (L) 


The pH of a solution of a weak base is less than that of a strong base. The curve features a buffering region in 
which the pH changes gradually. When exactly half of an equivalent of the strong acid has been added, the pOH 
of the solution is equal to the pK, of the weak base. Finally, the pH at the equivalence point of the titration is less 
than 7, because the conjugate acid of a weak base is a weak acid. 


When the salt of a weak acid is titrated with a strong acid, the titration curve is that of a weak base with a 
strong acid. When the salt of a weak base is titrated with a strong base, the titration curve is that of a weak 
acid with a strong base. 
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Titration of a Weak Base with a Strong Acid 


Equivalence point 


Volume of HX Added (L) 


PRACTICE: 


Does it take more, less, or the same amount of 0.100 M NaOH to titrate 25 mL of 0.100 M nitrous 


acid and 25 mL of 0.100 M nitric acid to the equivalence points? How do the pH values at the 
equivalence points compare? 


The volume of 0.100 M NaOH required to titrate 25 mL of 0.100 M nitrous acid to the equivalence point will be 
the same as the volume required to titrate 25 mL of 0.100 M nitric acid to the equivalence point. The pH at the 
equivalence point for the titration of nitrous acid will be greater than 7 because nitrous acid is a weak acid, and 
its conjugate base, which is the predominant species at the equivalence point, is a weak base. The pH at the equiv- 
alence point for the titration of nitric acid is 7, because the H* and OH have been completely neutralized, and 
the salt that is formed, NaNO,, is neutral. 


Experiment 15: Titrations of Polyprotic Acids 


The titration curves produced by the titration of phosphoric and citric acid with sodium hydroxide are more com- 
plex than those produced by the titration of monoprotic acids with strong bases. For a review of polyprotic titra- 
tion curves, refer to the section on page 303. 


Phosphoric acid is a triprotic acid with three K, values. 


K, =7.5x10" pK, =2.12 
K,, =6.2x 10° pK, =7.21 


Ka, =4.8x 10™ pKa, =12.3 


There are two distinct equivalence points in the titration curve, but the third equivalence point is obscure. This is 
because PO; is almost as strongly basic as OH7; no sharp increase in pH is observed. 
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Titration of Phosphoric Acid with NaOH 


Molar Equivalents of NaOH Added 


PRACTICE: 


List the major species present, other than water, in a 30 mL of 0.100 M solution of phosphoric acid in 
the following scenarios: 


(a) Before NaOH has been added 

(b) After 15 mL of 0.100 M NaOH have been added 
(c) After 30 mL of 0.100 M NaOH have been added 
(d) After 60 mL of 0.100 M NaOH have been added 
(e) After 100 mL of 0.100 M NaOH have been added 


(a) Before NaOH has been added, the major species in solution is H,PO,. (The minor species are H,O* and 
H,PO;). 


(b) After 15 mL of 0.100 M NaOH have been added, halfway to the first equivalence point, H,PO,, H,PO,, and 
Na’ are the major species in solution. 


(c) After 30 mL of 0.100 M NaOH, or one equivalent of OH’, have been added, H,PO; and Na’ are the major 
Species in solution. 


(d) After 60 mL of 0.100 M NaOH, or two equivalents of OH’, have been added, HPO? and Na’ are the major 
Species in solution. 


(e) After 100 mL of 0.100 M NaOH, or three equivalents of OH’, have been added, PO;, OH, and Na’ are the 
major species in the solution. 


Citric acid, H,C,H.O., is also a triprotic acid. 


H,C,H.O,(aq) + H,O(/) = H,C,H.O, (aq) + H,O*(aq) K, =8.4x 10° pK, = 3.07 


H,C H,O; (aq) + H,O() = HC,H50;," (aq) + H,0"(aq) | K, =1.8x10° pK,, = 4.74 
HC,H.O," (aq) + ALOU) == C H.O; (aq) + H,O* (aq) K, = 40x10° pK,, = 5.40 
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The titration curve for citric acid is shown below. Notice that there are not three distinct equivalence points in the 
titration. Instead, the pH increases steadily until just before the third equivalence point. 


Titration of Citric Acid with NaOH 
14 


pH 7 


1.00 2.00 3.00 
Molar Equivalents of NaOH Added 


Because the pH values of the solution at the first two equivalence points are so similar, sharp rises in the pH are 
not observed. Instead, the buffering regions blend together, resulting in a steadily rising pH. 


Experiment 16: Buffer Preparation 


The final experiment in the AP Chemistry laboratory program is to generate a buffer of a particular pH and 
buffer capacity. For a review of buffer solutions, see page 290. 


Students are given a list of available materials and a target pH for their buffer. For example, suppose the goal is to 
produce a 50-mL sample of a buffer that can maintain a pH of 4.74 when HCl or NaOH is added. The materials 
provided are a 0.1 M solution of CH,CO,H and solid CH,CO,Na. 


The K, of acetic acid is 1.8 x 10°. The pK, is 4.74. Therefore, a 1:1 mole ratio of CH,CO,H:CH,CO,Na will 
result in a solution with a pH of 4.74. The Henderson-Hasselbalch equation can be used to verify this. 


[CH,CO, ] 


= —log1.8 x 10° +log1=4.74+0 
[CH,CO,H] 


pH = pK, + log 


In order to generate such a solution, the mass of CH,CO,Na that must be added to 50 mL of a 0.1 M solution of 
CH,CO,H must be determined. 


0.10 mol l meee 4 g CH, 
0.050 L CHEOH x ————_* =x CSO 7 0-45 g CH,CO,Na 
ILC s 1 mol j 1 mol 
PRACTICE: 


(a) Calculate the resulting pH after 10 mL of 0.01 M NaOH have been added to 50 mL of a buffer 
that is orginally 0.1 M in CH,CO,H and 0.1 M in CH,CO,Na. 


(b) Calculate the resulting pH after 10 mL of 0.01 M NaOH have been added to 50 mL of a buffer 
that is orginally 1.0 M in CH,CO,H and 1.0 M in CH,CO,Na. Account for the discrepancy in the 
pH values in parts (a) and (b). 
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(a) The first task is to determine how many moles of acid and conjugate base are present initially. 


0.1 mol CH,CO,H 


0.05 LC s ET 
2 


= 0.005 mol CH,CO,H = 0.005 mol CH,CO,Na 


Next, the number of moles of OH added are needed. 


0.1 mol NaOH 
0.01 LNaOH y EE 
l LNaOH 


The OH reacts with the CH,CO,H to form CH,CO,. 
CH,CO,H + OH” > CH,CO; + H,O 


= 0.001 mol OH- 


The OH is the limiting reagent, so it reacts completely to yield 0.006 mol CH,CO, and 0.004 mol CH,CO,H. 


Because the volume is the same in the concentration ratio, the Henderson-Hasselbalch equation can be solved 
with the numbers of moles. 


0.006 
Harso 2 
p °g (oe 


(b) The same procedure is used to determine the pH of the more concentrated buffer after NaOH has been 


added. The first step is to determine the numbers of moles of acid and conjugate base that are present initially. 


1.0 mol CH,CO,H 


0.05 LC ; TT 
2 


= 0.05 mol CH,CO,H = 0.05 mol CH,CO,Na 


The 0.001 mole of OH added reacts with the CH,CO,H to form CH,CO;. 
CH,CO,H + OH > CH,CO,; + H,O 


The OH is the limiting reagent, so it reacts completely to yield 0.051 mol CH,CO, and 0.049 mol CH,CO,H. 


Because the volume is the same in the concentration ratio, the Henderson-Hasselbalch equation can be solved 
with the numbers of moles. 


0.051 
H =4.7+log | —— |=4.7 
à i Gal 


The pH change is less for the more concentrated buffer because it has a higher buffer capacity. It is able to 
neutralize more base before a significant pH change is observed. 


Review Questions 


Multiple Choice 


1. Which chemical is NOT a good choice for neutralizing an acid spill? 


A. Na CO, 
B. NaHCO, 
C. CaCO, 
D. KOH 
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A sample transmits 10.0% of incident light at a given wavelength. What is the absorbance of the sample? 


A. 


B 
C: 
D 


0.100 
0.900 
1.000 
9.000 


What volume should be reported for the buret reading shown below? 


Jawe 


50.65 mL 
50.6 mL 
50.650 mL 
51.3 mL 


A student is performing a gravimetric analysis on a solution of Ca”. The student causes the calcium to 
precipitate by adding Na,CO,. The student filters the solid using a Buchner funnel and a piece of filter 
paper. Which of the following is LEAST likely to lead to an error in the mass of CaCO, determined? 


Jawe 


Neglecting to wash the sample with a small amount of deionized, neutral H,O. 

Failing to add an excess of Na,CO,,. 

Breaking up the wet solid with a spatula before allowing it to dry for an additional length of time. 
Washing the sample with large amounts of deionized, neutral H,O. 


Compound A and compound B are separated by paper chromatography in which hexane, C,H,,, is used as 
the mobile phase. Compound A has an R, of 0.75, and compound B has an R, of 0.25. Which of the 
following is true? 


A. 


B. 


C. 
D. 


Compound B is less polar than compound A and experiences greater intermolecular attractions with 
hexane than with paper. 

Compound A is less polar than compound B and experiences greater intermolecular attractions with 
hexane than with paper. 

Compound B is polar and experiences greater dipole-dipole attractions with hexane than with paper. 
Compound A is nonpolar and experiences greater London dispersion forces with hexane than with 
paper. 


A lustrous, brittle gray solid is insoluble in water but soluble in CC1,. It does not conduct electricity in its 
solid form. The solid has a melting point of 114 °C. What kind of bonding is likely to be present in the 


substance? 

A. Metallic 

B. Ionic 

C. Polar covalent 

D. Nonpolar covalent 
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7. Dichromate ions, Cr,O-, are orange in aqueous solution, while chromate ions, CrO;, are yellow. In 
aqueous solution, the following equilibrium is established. 


Cr,O7 (aq) + 3 H,O() = 2 CrO2 (aq) + 2 H,O*(aq) 


Which method would cause an aqueous solution of Cr,O7 to appear yellow? 


Jawe 


Addition of NaOH 

Addition of HCl 

Addition of Na,Cr,O, or NaOH 
Addition of Na,CrO, or HCl 


A student would like to measure the enthalpy change for the reaction of dilute solutions of aqueous 


NaOH with H,SO,. Which of the following would NOT cause an incorrect result? 


Jawe 


Assuming the heat capacities of the solutions are higher than the heat capacity of water 

Failing to measure the calorimeter constant in order to account for heat lost to the surroundings 
Assuming that the densities of the solutions are equal to the densities of pure water 

Using initial solutions that are initially at different temperatures 


Which of the following titration curves does NOT show the pH change when a triprotic acid is titrated 


with a strong base? 


SOM > 


A. B. 
pH pH 
Volume of Base Volume of Base 
C. D. 
pH a pH 
Volume of Base Volume of Base 
A and B 
B and D 
B, C, and D 
D only 
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10. Beta carotene and vitamin B, are both compounds that are found in sweet potatoes. The structures of the 
two compounds are shown below. 


H,C ee 
ee Seay 
CH, CH, 2 
HC CH, | | | | 
Bho ue H H H H H H H 
C C C C C Ç C C C C C CH, 
PONS EO SS SS ee NS SF NS SS OS RSO NA 
H,C c C C C C C C C c c C 
H H H H H | H | H AN 
| | I Lone Nowy 
H,C CL 3 ; 
Ne CH, 
H, 
Beta Carotene 
H OH 
H H 
EA ek Pa a, P 
HÓ C C C 
/\ Ho |l 
H,C CH 


Vitamin Bs 


A food scientist mixes a l-g portion of finely ground sweet potato in a dish with 10-mL portion of ethanol. 
The solids are filtered, and the ethanol filtrate is added to a separatory funnel. A 100-mL portion of 
isooctane, (CH,),CCH,CH(CH,), (density = 0.692 g-mL"), and a 100-mL portion of water are added. The 
separatory funnel is stoppered and shaken with venting. When the layers settle, 

the top layer contains the beta carotene and the vitamin B.. 

the top layer contains the beta carotene and the bottom layer contains the vitamin B.. 

the top layer contains the vitamin B, and the bottom layer contains the beta carotene. 

the bottom layer contains the beta carotene and the vitamin B.. 


SAWS 


Long Free Response 


1. Milk of magnesia is a milky white suspension of Mg(OH), (K,, = 1.8 x 10"). It is used as an antacid. A 
student would like to determine the mass percent of Mg(OH), in a particular brand of milk of magnesia. 


A dropper is used to add approximately 1 mL of milk of magnesia to a pre-weighed vial and the mass is 


recorded. 
Mass of vial (g) 17.873 g 
Mass of vial with milk of magnesia (g) 20.369 g 


The contents of the vial are rinsed into a 500-mL Erlenmeyer flask with plenty of distilled water, then the 
sample is diluted to a volume of about 100 mL. At this point the student observes a cloudy white color. 

A buret is filled with 0.500 M standardized HCl, and 13.00 mL are added to the analyte. The solution turns 
clear, and when it is touched to a piece of litmus paper, the paper turns pink. 

a. i. Write a net ionic equation for the reaction between Mg(OH), and HCl. 

ii. Explain why the litmus paper has turned pink. 

b. A few drops of phenolphthalein are added to the analyte. Describe the expected appearance of the 
resulting solution. 

c. The student standardizes a 0.1 M solution of NaOH. A 0.740-g sample of the monoprotic acid 
potassium hydrogen phthalate, KHP (MW = 204.23 g-mol"), is weighed into a second 500-mL 
Erlenmeyer flask. About 100 mL of distilled water are added. Phenolphthalein indicator is added to 
the solution, and then the solution is titrated with the NaOH solution. A total of 32.35 mL of NaOH 
are required to reach the endpoint. 


What is the molarity of the NaOH solution? 
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d. The standardized NaOH is used to titrate the acidified milk of magnesia. A color change is observed 
after 8.17 mL of NaOH have been added. 


How many moles of Mg(OH), were present in the original sample? 

e. What is the mass percent of Mg(OH), in the original drugstore sample of milk of magnesia? 

f. | Phenolphthalein has a pK, of 9.3. Compare this to the pH at the equivalence point of the titration of 
the acidified milk of magnesia sample and explain why phenolphthalein is or is not a suitable 
indicator for this titration. 


2. A chemistry teacher is asked to prepare 500 mL of a buffer with a pH in the range of 10-11 for a special 
project in the biology classes. 


The materials available are: 


1000-mL Erlenmeyer flask beakers of various sizes deionized water 
500-mL graduated cylinder pH meter 
balance thermometer 


The teacher tests the pH of the available acid solutions in the biology storeroom: 


Acid Solution pH at 23°C 
H-MES* 0.25 M 


H-MOPS*# 0.25 M 
H-CAPS*** 0.25 M 


* H-MES: 4-Morpholineethanesulfonic acid 
** H-MOPS: 4-Morpholinepropanesulfonic acid 
*** H-CAPS: [3-(cyclohexylamino)-1-propane sulfonic acid 


The available sodium salts are: 


a. What are the K, values of the acids H-MES, H-MOPS, and H-CAPS? Show your calculations and fill 
in the table provided below. 


b. Which acid, H-MES, H-MOPS, or H-CAPS, should be used to prepare the buffer? Show how you 
arrived at your answer. 

c. i. Write a brief procedure for the preparation of 500-mL buffer with the target pH. 
ii. What is the expected pH of the buffer the teacher prepared using this method? 

d. The teacher tests the ability of the solution to behave as a buffer by adding 25 mL of 0.2 M NaOH. 
What is the new expected pH of the solution? 

e. How might your procedure be altered if the teacher needed to prepare a solution with a higher buffer 
capacity? (You are not limited to the chemicals already listed.) 
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Answers and Explanations 


Multiple Choice 


1. D. Acid spills are most safely neutralized by solutions of weak bases. Addition of a strong base may cause 
a strongly exothermic reaction. All of the compounds shown are weak bases except for KOH, which is a 
strong base. Therefore, KOH is not a good choice for neutralizing an acid spill. 


2. C. Absorbance is related to transmittance by 
A = -log T 
A transmittance value of 10.0%, or 0.100, has an absorbance of 1.000. 


3. A. The buret reading is between 50.6 mL and 50.7 mL. The reading should include one estimated digit, and 
50.65 is a good estimate. 


4. C. Breaking up the wet solid to allow the interior to be exposed to the atmosphere will decrease the likelihood 
that trapped water will cause the measured mass to be artificially high. Therefore, choice C is the least likely 
to introduce an error in the mass calculation. Failing to wash the sample (choice A), failing to add an excess 
of Na,CO, (choice B), or washing the sample with too much H,O (choice D) are all likely to lead to 
substantial errors in the mass calculation. 


5. B. Compound A has a higher R, value than B, which means that its intermolecular attractions to hexane 
are greater than those of B, but it does not necessarily mean that compound A is completely nonpolar. 


6. D. Despite the compound’s luster, its inability to conduct electricity in the solid state rules out the 
possibility of a metal. The low melting point rules out the possibility of ionic bonding. The solubility of 
the compound in CCl,, a nonpolar solvent, provides evidence that the bond is nonpolar covalent. 


7. A. In order to turn the solution yellow, the equilibrium must be shifted toward the products. Removal of a 
product, H,O", by reaction with NaOH will drive the reaction toward CrO;. 


8. D. Using initial solutions that are at identical temperatures is unnecessary as long as both temperatures are 
measured accurately before addition of the reactants to the calorimeter. The temperature changes can still 
be calculated for both solutions. 


9. D. Only D, the strong acid titration curve with the single inflection point, is not a triprotic titration curve. 
Curve A has three obvious inflections, so it is unquestionably triprotic. Although there are not three clear 
equivalence points in curves B and C, overlapping buffering regions for the acidic protons can explain the 
shapes of the curves. 


10. B. Because isooctane is less dense than water, it forms the top layer. Isooctane is a hydrocarbon, so beta 
carotene is likely to be soluble in isooctane, while vitamin B., which has polar and hydrogen-bonding 
functional groups, is not. 


Long Free Response 


1. a.i. The net ionic equation for the reaction between the solid Mg(OH), suspended in the antacid and an 
aqueous solution of HCl is 


Mg(OH),(s) + 2 H"(aq) > Mg” (aq) + 2H,0() 
The state symbols are not required in order for the answer to receive credit 
Mg(OH), + 2 H* > Mg” + 2 H,O 


ii. In order for the litmus paper to turn pink, which indicates an acidic solution, excess H* must have been 
added. 
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b. Phenolphthalein is colorless in acidic solution and pink in basic solution. The analyte solution is acidic, 
So its appearance is clear and colorless. 


c. The number of moles of the NaOH is determined by first finding the number of moles of KHP that 
were titrated. KHP is a monoprotic acid, so it reacts with NaOH in a 1:1 molar ratio. 


0.740 g KHP 9 ania HP  lmol MON 99036 mol NaOH 
204.23 gKHP 1 mol KHP 


Next, the molarity of NaOH is determined by dividing the number of moles by the volume. 


0.00362 mol NaOH 
0.03235 L NaOH 


=0.112 M NaOH 


d. The titration reaction is between the excess acid and the NaOH. 


The number of moles of excess acid is 


112 molNaOH 1 mol HCI 
0.00817 LNaont x | ga mot -goodii well (0.00091504) 


oe Or ae 
The initial amount of acid added to the solution is 


; | HCI 
0.01300 L-HCI x all E = 0.00650 mol HC! 


1 LHCÍ 
The difference between the number of moles of initial HCl and the number of moles of excess HCl is the 
number of moles that reacted with Mg(OH).. 
0.00650 mol HCl — 0.00091504 mol HCl = 0.00558 mol HCl = (0.00558496) 
The number of moles Mg(OH), reacted is 


0.00558496 moelHCl x 


1 mol Mg(OH), 


2 moHHcl 


e. The mass of Mg(OH), is determined using the molar mass. 


= 0.00279 mol Mg(OH), (0.00279248) 


58.32 g Mg(OH), 


0.00279248 mol 3 
1 mol ; 


= 0.163 g Mg(OH), (0.1628574) 


The mass of the original sample is 
20.369 g — 17.873 g = 2.496 g 
The mass percent of Mg(OH), in the original sample is 


0.1628574 g Mg(OH), 
2.496 g 


x100% = 6.52% 


f. Although the pK, of phenolphthalein, 9.3, is more than one pH unit different from the pH of 7 at the 
equivalence point, the volume required to change the pH drastically at the equivalence point consists of 
only a drop or two of titrant. Because this does not result in a large change in volume, the volume 
measured is not significantly different from the volume required to titrate the analyte. 
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2. a. The K, values are found using the concentration and the pH. For the first solution, H-MES, the [H7] is 
[H*] =10™' = 10°* = 4.17 x 10% 


The K, value can be determined from the concentration of all species in solution. 


H-MES + H,O 5 MES + H,O° 


Reaction H-MES 
Initial Concentrations (M) oas qo o 


ALTR Ot |+4.17x 10% | +4.17 10" 
Equilibrium Concentrations (M) 4.17x 10% = | 4.17 x 10% 


_[MES"][H,0*] 


i [H-MES] 
42 
= (417x10) _ 6.95x107 
0.25 


The values of H-CAPS and H-MOPS are found similarly, and the tabulated values are as follows. 


H-MES 6.95 x 10” 


H-MOPS 6.34 x 10° 
H-CAPS a TT g 10 


b. In order to determine the best acid to use for the buffer, the pK, values must be calculated. A buffer 
works best when the pK, of the acid is closest to the desired pH range for the buffer. 


For H-MES, 

pK, = -log K, = -log (6.95 x 10°’) = 6.158 
For H-MOPS, 

pK, = -log K, = -log (6.34 x 10%) = 7.198 
For H-CAPS, 


pK, = -log K, = -log (2.77 x 10") = 10.558 
The third acid, H-CAPS, has a pK, in the desired range, so it is the best choice for the buffer. 
c. i. A possible procedure for producing the buffer is: 


= Place a small beaker on the balance and zero the balance. 


= Weigh 30 g of NaCAPS into the beaker. (The number of grams is found by calculating the number 
of moles of H-CAPS that are in 500 mL of a 0.25 M solution. The number of moles is multiplied by 
the molar mass of NaCAPS. See below for the calculation). 


m Add the NaCAPS to the 1000-mL Erlenmeyer flask. 

= Fill the graduated cylinder with 500 mL of the 0.25 M H-CAPS. 

= Add the H-CAPS solution to the NaCAPS in the 1000-mL Erlenmeyer flask. 
= Swirl the solution until the NaCAPS has dissolved completely. 

= The calculation of the mass of NaCAPS is as follows. 


25 molH-CAPS 1 molNa€APS 243.31 CAPS 
0.5 LEAPS x2 : Sa acted ek 


eo ee ee NC ARS 
l LH-CEAPS 1 mol H-CAPS~ 1 molNaCAPS S 
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ii. Using the method shown, the number of moles of NaCAPS is equal to the number of moles of 
H-CAPS. This means the concentrations are equal and 


[CAPS] _ 


sie | 
[H-CAPS] 


The pH should equal the pK, of H-CAPS. 


[CAPS"] 


i" 1 =10.558 
[H-CAPS] 


pH = pK, + log 


d. The added OH reacts with H-CAPS in the buffer. 
H-CAPS + OH > CAPS + H,O 
The number of moles of H-CAPS and CAPS present initially is 


0.5 LH-CAPS x 


0.25 mol H-CAPS 


1 LH-CAPS 


The number of moles of OH’ added is 


= 0.125 mol H-CAPS (all digits from the calculator are shown) 


0.025 Lor Ko Oo L 0.005 mol OH“ 


| LOH 
The new amounts of H-CAPS and CAPS are 


0.125 — 0.005 = 0.12 mol H-CAPS 


0.125 + 0.005 = 0.13 mol CAPS 
The expected pH of the solution can be determined from the Henderson-Hasselbalch equation. 


pH =10.558 + log (S| = 10.593 
0.12 


e. To produce a buffer with a higher buffer capacity, a more concentrated solution of H-CAPS and a larger 
mass of NaCAPS could be used. 
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Ww 
0 
rs 
l PERIODIC TABLE OF THE ELEMENTS 2 
H He 
1.008 4.00 
3 4 5 8 9 10 
Li | Be B O F | Ne 
6.94 | 9.01 10.81 16.00 | 19.00 | 20.18 
H 12 13 16 17 | 18 
Na | Mg Al S Cl | Ar 
22.99 | 24.30 26.98 32.06 | 35.45 | 39.95 


19 20 21 22 23 24 25 26 27 30 31 32 33 34 35 36 
K Ca Sc Ti Vv Cr | Mn | Fe Co C Zn Ga | Ge | As Se Br | Kr 
39.10 | 40.08 | 44.96 | 47.90 | 50.94 | 52.00 | 54.94 | 55.85 | 58.93 63.55 | 65.39 | 69.72 | 72.59 | 74.92 | 78.96 | 79.90 | 83.80 


29 
u 
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 5 
Rb | Sr Y Zr | Nb | Mo | Te | Ru | Rh | Pd | Ag | Cd In | Sn | Sb | T 
85.47 | 87.62 | 88.91 | 91.22 | 92.91 | 95.94 | (98) | 101.1 | 102.91 | 106.42 | 107.87 | 112.41 | 114.82 | 118.71 | 121.75 | 127 
77 8 79 81 82 8 
r 


2 53 | 54 
e I | Xe 
60 | 126.91 | 131.29 
55 56 57 72 73 74 715 | 716 7 80 83 4 85 | 86 
Cs | Ba | *La| Hf | Ta | W | Re | Os | I Pt | Au | Hg | TI | Pb | Bi | Po | At | Rn 
132.91 | 137.33 | 138.91 | 178.49 | 180.95 | 183.85 | 186.21 | 190.2 | 192.2 | 195.08 | 196.97 | 200.59 | 204.38 | 207.2 | 208.98 | (209) | (210) | (222) 


87 88 89 104 | 105 106 | 107 | 108 | 109 | 110 | 111 
Fr | Ra | tAc | Rf | Db | Sg | Bh | Hs | Mt | Ds | Rg 


(223) | 226.02 | 227.03 | (261) | (262) | (266) | (264) | (277) | (268) | (271) | (272) 


59 60 61 62 63 64 65 66 67 68 69 70 
*Lanthanide Series Pr Nd Pm | Sm Eu Gd Tb Dy Ho Er m Yb 
140.91 | 144.24 | (145) 150.4 | 151.97 | 157.25 | 158.93 | 162.50 | 164.93 | 167.26 | 168.93 | 173.04 | 174.97 
9] 92 93 94 95 9 97 98 99 100 101 102 103 
+Actinide Series Pa U Pu Am |Cm Bk Cf Es Fm | Md No Lr 
231.04 | 238.03 (244) (243) | (247) | (247) | (251) | (252) | (257) | (258) | (259) | (262) 
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AP Chemistry Practice Exam Materials 


AP Chemistry Equations and Constants 


On the exam, the following symbols are defined as noted here unless specified otherwise: 


L, mL liter(s), miulliliter(s) mmHg = millimeters of mercury 


g gram(s) J, kJ = joule(s), kilojoule(s) 
nanometer(s) V volt(s) 


atmosphere(s) mol mole(s) 


Atomic Structure Ooo 


E =6n6rgy 


v = frequency 
A = wavelength 
Planck’s constant, h = 6.626x10™ J s 
Speed of light, c = 2.998 x10" m s” 


Avogadro’s number = 6.022 x10” mol” 


Electron charge, e = —1.602 x 10°” coulomb 


Equilibrium pe 


K.= [C IDI" Equilibrium Constants: 
AFB’ 


(Pe) (Po)! 


"(Px)" (Pa) 

_(H*YAT 
HA 

_ [OH ][HB*] 

> EB] 


K= H [OH ]=1.0x10"" at 25 °C 
x Ky 


wherea A+DB = cC+dD K molar concentrations 


Kp gas pressures 


K, weak acid 


Ky weak base 


Ky Ky, water 


K 


a 
pH =-log[H*], pOH = —log[OH ] 
14= pH + pOH 
[A] 
[HA] 
pK, = -log Ka, pK, = -log K, 


ln[A]; — In[A]) = -kt k = rate constant 
t= fi 
l 7 l -i tme 
[A], [Alþ t,, = half-life 


pH= pK, +log 


ja 
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PV =nRT P= pressure 
volume 
= temperature 
= P, + Py +Pp+... number of moles 
= mass 
n=— = molar mass 
f density 
K =°C +273 ae 
kinetic energy 
D- = velocity 
j = absorbance 
KE per molecule = us my molar absorbtivity 
2 path length 
= concentration 


P A F otal 


x X,, where X, = 


P 


total 


Molarity, M = moles of solute per liter of solution 
A=abc 
Gas constant, R =8.134J mol” K” 
= 0.08206 L atm mol” K“ 
= 62.36 L torr mol” K“! 
l atm = 760 mm Hg = 760 torr 


STP = 273.15 K and 1.0 atm 
Ideal gas at STP = 22.4 mol 


Thermodynamics/Electrochemistry a 


q=mcAT = heat 
AS? = XS*° products — XS° reactants m= mass 


AH?’ =XH° products- XA ° reactants specific heat capacity 
f f = temperature 


AG’ = 2G, products — 2G. reactants = standard entropy 


AG° = AH? - TAS° standard enthalpy 
= RT In K = standard Gibbs free energy 
= —nFE* = number of moles 
= standard reduction potential 
= current (amperes) 
charge (coulombs) 
= time (seconds) 


Faraday’s constant, F = 96,485 coulombs per mole 
of electrons 


ieee l joule 


1 coulomb 
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Practice Exam 1 Answer Sheet 
Section I: Multiple Choice 


108000 
2A000 
3@B@OO 
4@®OoO 
5@®BOO 


6@BOoO 
TABOO 
800000 
9@BOO 
10 ABOO 


2. ©0000 
2 A000 
233 A000 
24 A ® OD 
25 A000 


18000 
12 © ® © D 
13 ©&® © 0 
14 ©&® © 
155 000D 


25 0O00 
27 ®© 
28 © ® O 
29 A ® © 
30 A BOO 


41@®OO 
422@®BOO 
4 ABOO 
4QBOO 
45 ABOO 


16 A ® © 
17@®@OO 
18 & ® © 
19 A ® OD 
20 & ® © D 


18000 
2@BOO 
3Q@B@O0OO0 
4QMBOO 
5@BOO 


31 ABOO 
32 ABOO 
33 ABOO 
34 ABOO 
35 ©&® © D 


46 ABOO 
47HBOO 
48 AAO 
49 ABOO 
50 © ® © 


6A000 
7A ®00 
sABOO 
9@BOO 
10 A®BOO 


36 ABOO 
37 ABOO 
38 ABOO 
39 ABOO 
407A BOO 


Practice Exam 2 Answer Sheet 
Section I: Multiple Choice 


21@BO0O 
22 © ® © D 
23 A000 
24 AOD 
25 © ® © D 


5 A000 
52@BOO 
53 @®BOO 
54 © BOO 
55 © ® © D 


1800D 
12 © ® © D 
13 © ® © 
18800 
15 @BOO 


26 000D 
27 @2@BOO 
28 ABOO 
2 @ABOO 
30 A BOO 


56 © ® © 
5 @BOO 
583A BOO 
59 BOO 
60 8O 


41 AO 
4 AOD 
BABOO 
4ABOO 
5 ABOOD 


16 @®BOO 
17 & ® © 0 
1: ©&® 0O 
19 ABOO 
20 ABOOD 


31 ® OD 
32 A000 
33 ABOO 
34 A@BOO 
35 @BOO 


464 ABOO 
47QHBOO 
4,€A BOO 
49 @QABOO 
50 © ® © D 


36 A ® © D 
37 ABOO 
38 A ® O D 
39 00O 
40 A BOO 


5 0O00 
52@®OO 
533 @BOO 
54@®OO 
55@ BOO 


56 © ® © D 
57 @@OO 
58 © ® © 
59 A BOO 
60 A BOO 
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Chapter 8 


Practice Exam 1 


Section I: Multiple Choice 


60 questions 
90 minutes 


Calculators are not allowed for Section I. 


Note: For all questions, assume the temperature is 298 K, the pressure is 1.0 atm, and solutions are aqueous 
unless otherwise specified. 


Directions: Each of the questions or incomplete statements below is followed by four suggested answers or 
completions. Select the one that is best in each case and then fill in the corresponding circle on the answer sheet. 


1. Which choice best describes the reaction represented by the particulate diagram? 


Phosphorus trichloride and oxygen react to form phosphite and chlorine monoxide. 

Ammonia is oxidized to form nitrogen monoxide and water. 

Methane, the simplest hydrocarbon, undergoes combustion to form carbon monoxide and water. 
Chlorine reacts with hydronium to form chlorine dioxide and hydroxide. 


Japp 


2. Which properties are expected to be exhibited by solid potassium chloride? 


A. It melts at a temperature that is lower than the melting point of pure potassium. 
B. Itis an electrical conductor. 

C. It dissociates into molecules in aqueous solution. 

D. It has a higher melting point than solid potassium bromide. 


368 


Chapter 8: Practice Exam 1 


Questions 3—5 refer to the experiment described below. 


A student researcher performs an oxidation of borneol, C,,H,,OH, by treating it with CrO, and H,SO, to produce 


camphor, C „HO. 


H,C CH, H,C CH, 
aed \L 
" \ 


HC- H ~CH, — HC- H CH, 
e / ~~HC e = 
H,C \ — H H,C N 
Borneol Camphor 


3. The paper chromatograph below shows pure borneol in lane 1 and the reaction mixture in lane 2. 


Chloroform, CHC1,, was used as the mobile phase. What can be concluded from this analysis? 


Borneol experiences stronger intermolecular attractions with the mobile phase than camphor. 
Borneol experiences weaker intermolecular attractions with the mobile phase than camphor. 
Borneol bonds covalently with the stationary phase and does not move with the mobile phase. 
Camphor bonds covalently with the stationary phase and does not move with the mobile phase. 


Jawe 


« Which choice correctly matches each compound with its R, in the chromatograph? 


a 
Bs p oa | on 
p. p os ou 


. Which statement about this experiment is correct? 


A. The camphor was produced in a 50% yield. 

B. The camphor was produced in a 100% yield. 

C. The yield of the camphor was less than 100%. 

D. The reaction has 100% atom economy. GO ON TO THE NEXT PAGE 
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10. 


370 


Which of the following correctly ranks the gaseous compounds in order of decreasing standard molar 
entropy? 


HCI > SiCl, > CF, 
CF, > SiCl, > HCI 
HCI > CF, > SiCl, 
SiCl, > CF, > HCI 


SOM Pp 


. Which of the statements concerning interstitial alloys is correct? 


A. The atomic radii of the elements in the mixture are similar, and the electron sea model of bonding 
serves to explain the conductivity and malleability of the alloy. 

B. The atomic radii of the elements in the mixture are different, and the electron sea model of bonding 
serves to explain the conductivity and malleability of the alloy. 

C. The atomic radii of the elements in the mixture are similar, and n-doping serves to explain the 
conductivity and malleability of the alloy. 

D. The atomic radii of the elements in the mixture are similar, and p-doping serves to explain the 
conductivity and malleability of the alloy. 


Use the data below to determine the enthalpy of reaction for the reaction of aluminum metal with 
chlorine gas. 


2 Al(s) + 3 CL(g) > 2 AICL(s) AH? =? 


2 Al(s) + 6 HCl(aq) > 2 AlCl (aq) + 3 H (8) 
HCl(g) > HC\(ag) xo 


H,(g) + CLE) > 2 HCK(g) yo 
AICI(s) > AICI (aq) eS 


w + 6x + 3y—22z 
—w — 6x — 3y + 2z 
w +t 3x + 2y-3z 
—w — 3x — 2y + 3z 


Japp 


Addition of solid zinc oxide-chromium(III) oxide to the gases shown in the reaction below causes the 
system to reach equilibrium more quickly than it would in the absence of zinc oxide-chromium(III) oxide. 
This is because 


CO(g) + 2 H (2) = CH,OH(g) 


A. the equilibrium constant is shifted such that the reaction does not have to proceed as far to reach 
equilibrium. 

B. the number of collisions and energy of collisions between reactant molecules is increased. 

C. the reaction is provided with an alternate mechanistic pathway that has a lower activation energy. 

D. the average kinetic energy of the reactants is increased. 


The molecular geometry and polarity of SIF, and SeF, are 


the same because the molecular formulas are similar. 

the same because Si and Se are in the same period. 

different because Si and Se are in different groups. 

different because Si and Se have different electronegativity values. 


Japp 


GO ON TO THE NEXT PAGE 
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What is the best method for determination of the concentration of an aqueous solution of HNO,? 


Gravimetric analysis by precipitation with an aqueous solution of Pb” ions 
Spectrophotometric or colorimetric determination utilizing Beer’s law analysis 
Titration with a standardized solution of NaOH 

Distillation to remove the water from the solution 


Jawe 


A 0.100 M solution of which substance would have the lowest pH? 


A. HCIO, 
B. HNO, 
C. HCO,H 
D. NH, 


Questions 13-15 refer to the following reaction. 


13. 


14. 


15. 


16. 


H,S(aq) + H,O() = HS (aq) + H,O+ (aq) K =9x 10° 


What is the approximate pH of a 1.00 M solution of H,S? 


A. 1.5 
B. 3.5 
C 5.5 
D. 7.5 


Which species are acting as Brønsted-Lowry acids in the reaction? 


A.  H,S and H,O 
B. H,O and HS 
C. H,O and H,O* 
D. H,SandH,O° 


Which species in the reaction has the largest K,? 


A. HS 
B. H,O 
C. HS 

D. H,O' 


Carbon dioxide from the atmosphere dissolves at the surface of a body of water and forms carbonic acid. 
CO,(g) + H,O() > H,CO (aq) 


The carbonic acid is a weak, diprotic acid that dissociates in water according to the following equilibrium 
equations. 


H,CO,(aq) + H,O() = HCO;(aq) + H,O"(aq) 
HCO,(aq) + H,O() = CO; (aq) + H,O*(aq) 


Which of the following processes are expected to decrease the pH of the body of water? 


A decrease in the partial pressure of CO, in the atmosphere 
A decrease in the partial pressure of N, in the atmosphere 
A decrease in the temperature of the water 

An increase in the dissolved carbonate concentration 


SOM pe 


GO ON TO THE NEXT PAGE 
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17. A 1.00-g sample of an unknown metal at 100.0 °C is added to 20.0 g of water at 25 °C. The final 
temperature after thermal equilibrium is reached is 25.3 °C. What is the identity of the metal if the 
water/metal system is perfectly insulated? The specific heat of water is 4.184 J-g'-K™. 


Heat Capacity (J-g“K") 


A. MetalA 
B. Metal B 
C. Metal C 
D. Metal D 


Questions 18—19 refer to the following reaction. 
CH,CH,NH,(g) -a C,H,(¢)+NH,(g) AH... = 55 kJ: mol” 


18. Which of the following plots best represents the relationship between AG° and temperature for this reaction? 


AG° 


Ne 
wA 


19. What is the approximate energy of a mole of C-N single bonds? 


A. 296kJ 
B. 379kJ 
C. 708 kJ 
D. 1120kJ GO ON TO THE NEXT PAGE 
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24. 


25. 


26. 
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Which of the following is true of a phase change of a pure substance from a liquid state to a gaseous state? 


A. The process is exothermic because the temperature of the gas is higher than the temperature of the liquid. 

B. The temperature of the system does not change during the phase change because all of the energy 
transferred is needed to overcome intermolecular attractions. 

C. The temperature of the system increases during the phase change because heat is being added to the 
system. 

D. The temperature of the system does not change because the intermolecular forces remain unaltered 
during the phase change. 


For which of the processes listed is AH? > 0? 
A. Na(/)- Na(s) 

B. F(g)+e > F(g) 

C. Na(g)> Na(g) +e 

D. Na‘(g) + F(g) > NaF(s) 


A sample of gas has a density of 2.00 g-L™ at 268 K and 1 atm. What is the identity of the gas? 


SO > 
Q 
G 


Which choice correctly shows the compounds in order of decreasing C—O bond length? 


A. H,COH > (CH,),CO > CH,CO; 
B. (CH,),CO > CH,CO; > H,COH 
C. H,COH > CH,CO; > (CH,),CO 
D. CH,CO;> (CH,),CO > H,COH 


A cast iron skillet can be heated over an open flame without undergoing vigorous oxidation, but when 
powdered iron is exposed to a flame, it rapidly ignites to form Fe,O,. Which is the best explanation for this 
observation? 


A. The activation energy for the reaction of the powdered iron is greater than that of the skillet. 

B. The impurities in the iron powder act as a catalyst for the combustion. 

C. The greater surface area of the powdered iron compared to the skillet leads to an increased rate of 
oxidation. 

D. The enthalpy change of the reaction of powdered iron is more negative than that of the skillet. 


Which arrangement shows the following atoms in order of increasing energy of the 2p electrons in the PES 
Spectrum? 


A. F<N<O<C 
B. F<O<N<C 
C. C<O<N<F 
D. C<N<O<F 


Which of the following ions will experience the greatest degree of deflection in a mass spectrometer? 


A. 7H“0* 

B. 'H“O* 

C. HO’ 

D. 'H;O* GO ON TO THE NEXT PAGE 
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27. The decomposition of dinitrogen pentoxide forms nitrogen dioxide and oxygen according to the equation: 
2N,0,(g) > 4 NO,(g) + O,(g) 


The concentration of N,O, was determined at various times in the experiment, and the data were used to 
generate the following linear plot. 


In[N30s] 


Time (s) 
Which statement must be true of this decomposition reaction? 


The rate of the reaction is independent of the concentration of N,O,. 
The reaction is second order. 

The rate has been accelerated by the addition of an appropriate catalyst. 
The half-life of NO, is independent of its initial concentration. 


Jawe 


28. The plot below shows the first ionization energies for the elements with atomic numbers 5 to 9. Which 
explanation best accounts for the deviation of the first ionization energy of the element with atomic 
number 8 from the overall ionization energy trend? 


1800 
1600 
1400 
1200 
1000 

800 

600 


400 


First Ionization Energy (kJ-mol-!) 


3 4 5 6 7 8 9 10 
Atomic Number 


A. The valence electrons of oxygen experience greater shielding of the nucleus by core electrons than the 
valence electrons of nitrogen. 

A repulsive interaction exists between the electrons in the doubly occupied oxygen 2p orbital. 

The effective nuclear charge of oxygen is greater than that of nitrogen. 

The atomic radius of oxygen is greater than that of fluorine, so the coulombic attraction between the 
valence electrons and the nucleus of oxygen is less. 


Sa 


GO ON TO THE NEXT PAGE 
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The marble in many monuments is composed of calcite, a form of calcium carbonate. When 
unpolluted rain, which has a pH of about 5.6, falls on calcite, the following is one of the reactions 
that occurs. 


CaCO,(s) + H,O*(aq) = Ca” (aq) + HCO;(aq) + HO) 
When the pH of rainwater drops below 5.6, which of the following is true? 


A. Q< K, so more of the marble dissolves. 
B. Q> K, so more of the marble dissolves. 
C. QO<KK,so less of the marble dissolves. 
D. Q> K, so less of the marble dissolves. 


Each solid sphere below represents a molecule of A, and each hollow sphere represents a molecule of B. 
The volume of the container is 1.0 L. Which drawing best illustrates an equilibrium mixture of A and B 
if A decomposes to form B according to the reaction below? 


A=2B K.=6 


GO ON TO THE NEXT PAGE 
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Questions 31-32 refer to the reaction below. 


SbC1 (e) = SbCL(g) + CL(g) K_= 43 at 373 K 


31. Ata given point in an experiment, a 100-L rigid reaction vessel contains 20 moles of SbC1,, 50 moles of 
SbC1,, and 60 moles of Cl, at 373 K. Which of the following describes how the pressure in the vessel will 
change and why it will change as the reaction approaches equilibrium at constant temperature? 


SOM p 


The pressure will increase because K, > Q.. 
The pressure will increase because K, < Q.. 
The pressure will decrease because K, > Q.. 
The pressure will decrease because K, < Q.. 


32. Consider two evacuated 100-L rigid reaction vessels, vessel 1 and vessel 2. Equal amounts of liquid SbC1, 
are added to the two vessels at room temperature. A small amount of solid FeCl, is added to vessel 2. Both 
vessels are sealed and heated to 373 K. The rates of the reactions are measured and tabulated below. 


Time to Reach Equilibrium (seconds) 


Which of the following describes the two systems? 


A. 


B. 


The activation energy of the reaction in vessel 1 is greater than the activation energy of the reaction 
in vessel 2, and the total pressure at equilibrium is greater for vessel 1 than for vessel 2. 

The activation energy of the reaction in vessel 2 is greater than the activation energy of the reaction 
in vessel 1, and the total pressure at equilibrium is greater for vessel 1 than for vessel 2. 

The activation energy of the reaction in vessel | is greater than the activation energy of the reaction 
in vessel 2, and the total pressures at equilibrium are equal in the two vessels. 

The activation energy of the reaction in vessel 2 is greater than the activation energy of the reaction 
in vessel 1, and the total pressures at equilibrium are equal in the two vessels. 


33. Which structure contains an atom that is sp’ hybridized? 
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B. : 
O H, P 
H C C 
c l Huc SNe 
Ana S 3 H, 
H, 
D. 
H, H, H 
OO aa H, 
H, T n 
H, 
GO ON TO THE NEXT PAGE 
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34. The Mohs hardness scale ranks solids according to their ability to scratch other solids. The higher the 
Mohs hardness, the harder the substance. The hardness values of several substances are shown below. 


= 
Biamond E 


Which of the following compounds is expected to have a hardness of 2.5? 


A. NaCl 

B. KI 

C. SiO, (quartz) 
D. Steel 


35. Cyclohexane, C,H,,, does not absorb electromagnetic radiation in the ultraviolet region of the spectrum, 


but benzene, C,H, does. Which choice best describes the reason for this observation? 


H H, 
Bee x “su. 
i x i H,C CH 
HC CH H,C CH 
bo 2 Se 2 
H H, 
Benzene Cyclohexane 

C6H6 C6H2 


A. The zelectrons in benzene are capable of transitioning to higher-energy states by absorption of UV 
photons. 

B. The carbon-hydrogen o-bonds in benzene are capable of vibrating at frequencies corresponding to 
ultraviolet energies. 

C. The nuclei of benzene are capable of transitioning to higher-energy states when ultraviolet photons 
are absorbed. 

D. The C-C bonds in benzene vibrate with a frequency that corresponds to an ultraviolet energy. 


Questions 36-37 refer to the following data. 


Four 1-liter containers at 273 K contain equal numbers of moles of pure gases. 


Pressure (atm) 
l 


36. The average speed of the gas particles is 


greatest in container 1. 
greatest in container 2. 
greatest in container 4. 
equal in the four containers. 


Jawe 
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37. The pressure in container 3 is expected to be 


A. less than the pressure in container 4 because the C-F bond is more polar than the C-Cl bond. 

B. less than the pressure in container 2 because the C-F bond is more polar than the C-H bond. 

C. less than the pressure in container 4 because CF, experiences weaker London dispersion forces 
than CCl,. 

D. less than the pressure in container 2 because CF, experiences stronger London dispersion forces 
than CH,,. 


38. Which of the following reactions does not involve an oxidation-reduction? 


NaBr + AgNO, > AgBr + NaNO, 

2 MoS, + 5 O, > 2 MoO, + 4 SO, 

2CH,+ 150, > 12 CO, + 6 H,O 

2 NH,Cl + 2 MnO, + Zn > 2 NH, + Mn,O, + ZnCl, + H,O 


SOM p 


39. Which of the following species is most easily reduced? 


A. H, 
B. Cl, 
Cc. Cu 
D. Na’ 


40. When ammonium chloride is dissolved in water, the temperature of the solution decreases. Which enthalpy 
change below is the largest? 


NaOH H,O 


@ aQ, © 
Te eRe 
0 0°o® 


Solution 
A. AH, 
B AH +AA, 
C AH +AA, 
D. AH „tAH $ 
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41. The table below shows the K, values for two weak acids. Which of the following pairs of solutions results 


42. 


43. 


in a buffer with a pH closest to 7.4? 


HCIO, 1.2 x 10° 
HOCI 3.5 x 10° 


50 mL of 1.00 M HCIO,; 50 mL 0.50 M NaOH 
50 mL 1.00 M NaOCl; 50 mL 0.50 M HCl 

50 mL of 1.00 M HCIO,; 50 mL 1.00 M NaClO, 
50 mL 1.00 M HOCI; 50 mL 1.00 M NaOH 


Jawe 


A student sets up the same chemical reaction in two different test tubes and labels them A and B. Test tube 
A is allowed to react at room temperature, 27 °C, and test tube B is placed in a 60 °C water bath. The 
student measures a larger rate constant for the reaction in test tube B than for test tube A. Which of the 
following is the best explanation for this observation? 


A. More of the colliding particles in test tube B have the proper orientation for the reaction to occur. 

B. A greater fraction of the molecules in test tube B collide more frequently with sufficient average 
kinetic energy to overcome the activation barrier for the reaction. 

C. The activation barrier for the reaction in test tube B is lower because of the relatively greater potential 
energy of the reactants. 

D. The reactant molecules in test tube B have a greater average velocity so they collide more frequently 
and have a statistically greater chance of reacting. 


The titration curve shown below best represents the titration of 


14 
13 
12 
11 
10 


\© 


pH 


O - NU hn `N C 


0 10 20 30 40 50 60 
Volume of Titrant (ml) 


phosphoric acid with sodium hydroxide. 
hydrofluoric acid with sodium hydroxide. 
sulfuric acid with sodium hydroxide. 
hydrochloric acid with ammonia. 


Jawe 
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44. The following graph shows the trend in boiling points for PH,, AsH,, and SbH,. Does point X or point Y 
reflect the boiling point of NH,, and why is this the correct point? 


= Point Y a 
a 
a e a SbH, 
£ AsH3 
© 
= B 
PH; 
Point X 
a 


Period 


NH, boils at point X because it has the lowest polarizability of the group V hydrides. 
NH, boils at point Y because it has the lowest polarizability of the group V hydrides. 
NH, boils at point X because it is capable of hydrogen bonding. 
NH, boils at point Y because it is capable of hydrogen bonding. 


SAM 


Questions 45—47 refer to the following information. 


Isomers are compounds that have the same molecular formula, but different atomic connectivity. The compounds 
n-hexane and 2,3-dimethylbutane are isomers. 


Structural Formula H> H, H, H, CH; CH; 


H,cC-——cC —-c — C —C —CH,; | 


E — c—_ c——_ E 
H H 


45. Which of the following compounds can exist as more than one isomer? 


A. CH, 
B. CH, 
C. CH, 
D. CH 
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46. Geometric isomers are compounds that may exhibit isomerism due to restricted rotation around z-bonds. 
Which of the compounds below may exhibit geometric isomerism? 


A. B. 
CH, > 
H,C 
? H,C oO CH; 
C D. 
H,C & ae 
3 ZA 
a CH, AE 
i HC 


47. Which statement concerning isomers is true? 


A. Only geometric isomers usually have identical physical and chemical properties. 

B. Isomers usually have different chemical and physical properties. 

C. Only changes in the number and type of atoms in a compound change the properties of the 
compound. 

D. Neither of the isomers of hexane shown experience London dispersion forces. 


48. Addition of which of the following elements to germanium would lead to a p-doped semiconductor? 


A. B 
B. Si 
C. Se 
D. Sn 


Questions 49-50 refer to the following reaction and initial rate data. 


Iodide is oxidized to hypoiodite in a basic solution of hypochlorite. 
I- (aq) + Cl1O- (aq) 22 — 10° (aq)+CI (aq) 


The initial rates of the reaction were measured using various initial concentrations of the reactants. 


Initial [I] (M) Initial [CIO] (M) | Initial [OH] (M) | Initial Rate (M-s") 
5.00 x 10° 1.00 x 10° 5.00 x 10° 6.0 x 10° 


1.00 x 10° 5.00 x 10° 5.00 x 10° 6.0 x 10° 
5.00 x 10° 5.00 x 10° 5.00 x 10° 3.0 x 10° 
5.00 x 10° 5.00 x 10° 1.00 x 10° 1.5 x 10° 


49. What is the rate law for the reaction? 


rate = A[CIO][OH ] 
rate = A{IT [ClO] 

rate = k[CIO ][I [OH T 
rate = A[CIO][T][OH ] 


SOM pe 
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50. 


51. 


53. 


54. 


382 


What are the units of the rate constant? 


A. Ms" 
B. Ms 
C. Ms" 
D. s“ 


Solid potassium and oxygen gas react to produce solid potassium peroxide, K,O,. Assume the reaction 
between 39.1 grams of potassium and 32.0 grams of oxygen proceeds to completion. Which choice best 
reflects the final contents of the reaction vessel? 


Mass of Potassium 
m Mass of a (grams) Mass of ee (grams) 


P60 | 


ee 
e |) o | @ | m 
Bee ss 


The reaction of nitric oxide with chlorine is second order in NO and first order in C1. 


2 NO(g) + CL(g) > 2 NOC\(g) 


rate = k[NO]{[CL] 
Which statement about this reaction is most likely to be true? 


A. The reaction mechanism is likely to involve more than one step. 

B. Tripling [NO] will increase the rate of the reaction by a factor of 6. 

C. Doubling [CL] will increase the rate of reaction as much as doubling the concentration of [NO]. 
D. At some point in the reaction mechanism, N,O, must be formed. 


Determine whether the electrochemical reaction between lead sulfate and iodide is thermodynamically 
favored as written under standard conditions. 


Sn** + 2 Fe” > Sn” + 2 Fe” 


Fw 


A. E a = —1.39 V; the reaction is thermodynamically disfavored as written. 
B. ŒE a = —0.62 V; the reaction is thermodynamically disfavored as written. 
C. £E°.,, = —1.39 V; the reaction is thermodynamically favored as written. 
D. E „= —0.62 V; the reaction is thermodynamically favored as written. 


A current of 25.0 A is continuously applied through an aqueous solution of potassium chloride. The 
reaction that occurs at the cathode is 


A. 2HO0+2e¢3H,+20H 
B. 20r >CL+t2e 

C. 2HO>0,+t4H'+4e 
D. K'+e >K 
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55. Which pair of molecules is expected to exhibit the greatest dipole-induced dipole interactions? 


A. Br, and Cl, 
B. HCl and HBr 
C. HBrand Br, 
D. HCI and Br, 


56. The rate constant of a reaction was measured at several temperatures. Which of the plots below is expected 


to result in a slope of -—* , where E, is the activation energy of the reaction? 


A. B. 


In(k) In(k) 


l 


l 
In — In— 
ne “7 


R 
L/T T 
1/T 
Questions 57—58 refer to the following reaction of barium carbonate. 
Barium carbonate, BaCO,, decomposes according to the reaction represented below. 


BaCO,(s) = BaO(s) + CO,(g) 


At 1500 K, the equilibrium constant, K,, is 6.4 x 10°. 


57. Some solid BaCO, is placed in a previously evacuated container and heated to 1500 K. When equilibrium is 
reached, some of the solid BaCO, remains. What is the pressure in the container at equilibrium at 1500 K? 


A. 2.5 10° atm 
B. 1.3 x 10° atm 
C. 6.4x 10° atm 
D. 4.1 x 10° atm 
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58. The value of AG”? for the decomposition of BaCO, at 1500 K is 


A. positive. 

B. negative. 

C. zero. 

D. unpredictable from the information given. 


59. A plot of potential energy as a function of internuclear distance between two molecules, X and Y, is shown 
below. Which of the following choices shows the correct curve correspondence, along with the correct 
reasoning? 


110 121 


2: | a BEREE Bi S 


Potential Energy (kJ-mol-!) 
EJ 


-932}---------- 


Internuclear Distance (pm) 


> o SS 
A triple bond is shorter and stronger than a double bond. 


A triple bond is longer and weaker than a double bond. 
ei J A triple bond is shorter and stronger than a double bond. 
w ao N | A triple bond is longer and weaker than a double bond. 
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60. Which particulate diagram best illustrates the bonding responsible for the conductivity and malleability of 
metals? 


‘900000 ` 900006 


IF YOU FINISH BEFORE TIME IS CALLED, CHECK YOUR WORK ON THIS SECTION 
ONLY. DO NOT WORK ON ANY OTHER SECTION IN THE TEST. 
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Section Il: Free Response 


7 questions 


105 minutes 


You may use your calculator for Section II. 


Directions: Long free-response questions (questions 1—3) are worth 10 points each; allow yourself approximately 
23 minutes for each one. Short free-response questions (questions 4-7) are worth 4 points each; allow yourself 
approximately 9 minutes for each one. 


Include examples and equations in your responses where appropriate. Clearly show the method used and the 
steps involved in arriving at your answers. You must show your work to receive credit. Be mindful of significant 


figures. 


1. a. 
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A researcher is studying the effect of bleach on blue food dye, C,,H,,N,O,S,Na, (MW = 792.86 g-mol”). 
The researcher weighs 0.200 gram of the solid dye onto a piece of weigh paper. How many moles of 
dye molecules are present? 

The researcher would like to make a stock solution of the dye by adding distilled water. Should the 
researcher use a volumetric flask or a graduated cylinder to prepare an accurately known 
concentration? Briefly explain your answer. 

Water is added to the 0.200 gram of dye so that the final volume is 500. mL. What is the molarity of 
the dye solution? Be sure to show your calculation. 

A 0.50-mL aliquot of the solution is diluted with distilled water to prepare 100.0 mL of stock 
solution. What is the concentration of the stock solution? 

The stock solution is placed in a spectrophotometer and its absorbance is measured. The following 
plot of absorbance versus wavelength is generated. What absorbance should be selected in order to 
analyze the concentration of the food dye? Justify your response by referring to the data. 


1.4 
1.2 


> 
ore) 


Absorbance 
© 
On 


480 520 560 600 640 680 720 
Wavelength (nm) 
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A known excess of bleach is added to a 5.0 X 10° M sample of the dye solution. The solution is 
mixed well and placed in a dry cuvette. The absorbance of the solution is measured as a function of 
time, and the following data are obtained. 


Absorbance 
In Absorbance 


Time Time 


i. What is the order of the reaction with respect to the dye? 
ii. When the concentration of dye is held constant and the concentration of bleach is doubled, the 
rate doubles. What is the rate expression for the reaction of bleach with dye? 


2. Morphine, C,,H,,O,N, is a weak base that is used to treat severe pain. The hydroxide ion concentration in a 
0.0621 M aqueous solution of morphine is 3.17 x 10* M at 25 °C. For the following questions, assume that 
the temperature remains constant and that the volumes are additive. 


mo aore 


Write the equation for the reaction of C,,H,,O,N(aq) with water. 

Write the base dissociation constant expression for the reaction of C,,H,,O,N(aq) with water. 

Determine the pH of the 0.0621 M morphine solution. 

Determine the base dissociation constant, K,, for morphine. 

Determine the percent ionization of morphine in a 0.0621 M solution. 

A chemist titrates a 25.0-mL sample of the 0.0621 M morphine solution with 0.0500 M HCl(aq). 
i. Determine the volume of 0.0500 M HCl(aqg) required to reach the equivalence point. 

ii. Determine the pH of the solution at the equivalence point. 

iii. Determine the pH of the solution after 14.0 mL of 0.0500 M HCl have been added. 

On the axes below, sketch the titration curve for the titration of morphine with HCl(aq). Label the 

pH values at the beginning of the titration, halfway to the equivalence point, and at the equivalence 

point. Label the volume of HCl added at the half-equivalence point and at the equivalence point. 


pH 
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3. An electrochemical cell is constructed with two cadmium electrodes. The cathode contains a 1.00 M 
solution of Cd(NO,),, and the anode contains 1.00 M NaS. 


Cd” (aq) +2e — Cd(s) E=? V 
CdS(s) + 2 € — Cd(s) + S* (aq) E? = -1.210 V 
Voltmeter 


Salt bridge 


a. When the half-cells are connected, an overall potential of 0.807 V is measured. What is the standard 
reduction potential, E°, for the reduction of Cd”? 

b. Clearly describe the function of the salt bridge in this cell. 

c. Write the overall net ionic equation for the electrochemical cell. 

d. If the cell is assembled with 0.500 M Cd(NO,), instead of 1.00 M Cd(NO,),, what effect would this 
have on the cell potential? Provide a qualitative explanation of your response. 

e. What is the standard free energy change, AG°, at 25 °C for the overall reaction? Report your answer in 
units of kJ-mol”. 

f. Calculate the solubility product, K,, at 25 °C for CdS(s). 

g. Solid CdS is added to a 0.100 M solution of NaS at 25 °C. Calculate the solubility of CdS in 
0.100 M NaS. Report your answer in units of mol: L”. 
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4. The reaction between solid sodium hydride, NaH, and water produces hydrogen gas and sodium hydroxide. 
A sample of NaH was added to excess water and the reaction was allowed to proceed until gas production 
stopped. The gas collected in the cylinder is in thermal equilibrium with the water. 


The depth of the cylinder is adjusted so that the water levels inside and outside of the cylinder are the 
same. 


The barometric pressure is 757 torr and room temperature is 24 °C. The vapor pressure of water at 24 °C is 
22.5 torr. 


Gaseous products 


a. Write the balanced equation for the gas-forming reaction. 
The collected gas occupies 19.2 mL. How many moles of gas have been collected? 

c. The collected gas is dried over a dessicant, or drying agent. What volume is occupied by the dry gas at 
757 torr? Express your answer in units of mL. 

d. An equal number of moles of dry HCl gas is collected in a separate experiment. Is the volume 
occupied by the HCI equal to, less than, or greater than the volume occupied by the hydrogen? 
Explain your answer. 
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5. Boron nitride, BN, exists in several allotropic forms. One allotrope, a-BN, consists of sheets of six- 
membered rings similar to graphite, and the other allotrope, B-BN, is arranged in a manner similar to 
diamond. 


a-BN B-BN 


a. Which allotrope, a-BN or B-BN, is likely to be harder, and why? 

b. Unlike graphite, a-BN is an electrical insulator. The bonding arrangement of the boron and nitrogen 
atoms in &-BN is similar to graphite. In the structure on the right, fill in bonds and formal charges so 
that each atom in a-BN has a complete octet. 


Graphite a-BN 


c. What is the hybridization and geometry of the boron atoms in a-BN? 
d. A second binary nitride is composed of nitrogen and element X in a 1:1 mole ratio. The compound is 
34.18% nitrogen by mass. What is the identity of element X? Show your calculation. 
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6. The balanced equation for the complete combustion of acetylene, C,H,, in oxygen is shown below. 


2°29 


CsH,(g)+> 0,(g) > 2 CO,(¢)+H,00) 


a. Use the data in the table below to determine AH” for the reaction. Report your answer in units of 


AH’, (kJ-mol"') 
C,H(g) 227.4 


kJ-mol!". 


CO(g) -393.5 
H,O(g) -241.8 


b. Calculate the quantity of heat released when 500.0 g of acetylene reacts completely with oxygen. 
Report your answer in units of kJ. 

c. The standard free energy change, AG°, for the reaction is —1227 kJ-mol™. Estimate the standard 
entropy change, AS°, for the reaction at 298 K. Report your answer in units of J:mol™ K”. 

d. Use the data in the table below to estimate the bond energy of the C-C triple bond in acetylene. 
Report your answer in units of kJ-mol". 


Bond Energy (kJ-mol") 


7. Solid ammonium carbamate, NH,CO,NH,, decomposes at 25 °C to form gaseous ammonia and carbon 
dioxide. 


a. Write the balanced chemical equation for the decomposition reaction described above. 
b. A 100.0-g sample of NH,CO,NH, was introduced into an evacuated, rigid container. When the 
reaction reached equilibrium, the total pressure inside the container was 0.270 atm. 
i. Determine the partial pressures of NH, and CO, at equilibrium. 
ii. What is the equilibrium constant, K, for the decomposition of ammonium carbamate at 25 °C? 
c. An additional quantity of CO, gas was added to the equilibrium mixture so that the total pressure 
was 0.370 atm. A student claims that when equilibrium is reestablished, the new total pressure will be 
less than 0.270 atm due to Le Chatelier's principle. Explain why you agree or disagree with this 
Statement. 


IF YOU FINISH BEFORE TIME IS CALLED, CHECK YOUR WORK ON THIS SECTION 
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Answer Key 


Section I: Multiple Choice 


1. B 13. B 25. D 37. D 49. C 
2. D 14. D 26. B 38. A 50. D 
3. B 15. C 27. D 39. B 51. A 
4. C 16. C 28. B 40. C 52. A 
5. C 17. D 29. A 41. B 53. B 
6. D 18. A 30. D 42. B 54. A 
7. B 19. A 31. A 43. B 55. D 
8. A 20. B 32. C 44. D 56. A 
9. C 21. C 33. A 45. D 57. C 
10. C 22. C 34. A 46. C 58. A 
11. C 23. C 35. A 47. B 59. A 
12. A 24. C 36. A 48. A 60. C 


Answers and Explanations 


Section I: Multiple Choice 


1. B. (EK 3.A.1) Ammonia is represented by the gray and white spheres. Oxygen is represented by the black 
spheres. The overall equation is 


4 NH, + 5 O, => 4 NO + 6 H,O 


2. D. (EK 2.D.1) A bromide ion has a larger ionic radius than a chloride ion, so the distance between ions in 
potassium bromide is greater than the distance in potassium chloride. This leads to a lower coulombic 
attractive force between potassium and bromide compared to that between potassium and chloride. The 
lower attractive force results in a lower melting point for potassium bromide. 


3. B. (EK 2.A.3, 2.B.3, 5.D.2) In paper chromatography, substances that have stronger intermolecular forces 
with the mobile phase will move up the paper more quickly than substances that experience weaker 
intermolecular forces with the stationary phase. Since borneol (shown in lane 1) does not move as far up 
the paper as camphor (shown as the higher spot in lane 2), it experiences weaker intermolecular attractions 
with the mobile phase than camphor does. 
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4. C. (EK 2.A.3) The R, value for a compound in a particular solvent is calculated by taking the ratio of the 
distance travelled by the compound to the distance travelled by the solvent. 


A 
2 mm 
© 
ezi 
P 
= 
0m : 
5 mm E; 2 
=] 
Borneol: 
10-5 = 2 = around z or 0.14 
42-5 37 7 
Camphor: 
2 = 
42-5 37 5 


The actual value of the R, of camphor is 0.57, so this is a good approximation. 


2 =0.57 
37 


5. C. (EK 3.A.2) Since borneol was still present in the reaction mixture in lane 2, the reaction was not 
complete, and the yield was less than 100%. 


6. D. (EK 5.E.1) Generally, the larger the number of electrons in a gaseous compound, the more complex the 
molecule is, and the higher its standard molar entropy. The SiCl, has the most electrons and the highest 
standard molar entropy, followed by CF,. HCl is the smallest molecule, with the lowest standard molar 
entropy. 


7. B. (EK 2.D.2) Interstitial alloys are composed of mixtures of primarily metal atoms, such as iron, with 
smaller atoms such as carbon in the interstices of the crystal lattice. The conductivity and malleability of 
the alloy can still be understood in terms of the electron sea model of metallic bonding. 


8. A. (EK 5.C.2) The equations can be rearranged to add up to the overall transformation. The AH?” values 
must be changed to reflect the changes made to the equations. The sum of the AH? values is the overall 
AH’ for the reaction. 


2 Al(s) + 6 HCl(aq) > 2 AlCl (aq) + 3 H(g) 


[HCI(g) > HCI(ag)] x 6 
[H,(g) + Cl(g) > 2 HCI(g)] x 3 
[AICI,(s) > AICI,(aq)] x (2) 
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10. 


11. 


12. 


13. 


14. 


15. 
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C. (EK 4.D.1) The increase in the rate of the reaction suggests that zinc oxide-chromium(III) oxide is a 
heterogeneous catalyst. Catalysts increase the rate of a reaction by providing an alternative mechanism 
with a lower activation energy than that of the uncatalyzed process. 


C. (EK 2.C.4) Atoms in the same main group on the periodic table have the same number of valence 
electrons and tend to exhibit similar bonding patterns. Since Si and Se are in different groups on the 
periodic table, the resulting structures have different geometry and polarity. SiF, is a tetrahedral, nonpolar 
molecule, and SeF, is a “see-saw” shaped (or diphenoidal), polar molecule. 


-F: -F: 
ee | LM, | 
e Filni- Si ‘Se Ca 
a yA PS . . "A | 
è F .-F 
F - Pas ry .° 
a > F:; 


C. (EK 1.E.2, 3.A.2) HNO, is a strong acid. Its concentration is best determined by titration of a 
standardized solution of a base such as NaOH. 


A. (EK 3.B.2, 6.C.1) The stronger an acid, the lower the pH of the solution. HCIO, is the only strong acid 
among the choices, so a solution of HCIO, will have the lowest pH. 


B. (EK 6.C.1) It is clear from the small K, that H,S is a very weak acid. The pH of a weak acid solution is 
formally determined using a R.I.C.E. table, although students with sufficient practice can perform this 
calculation without writing out the table. 


Initial Concentrations (M) i JoJo 


fobs esas a 
Equilibrium Concentrations (M)—[1.00-x |x x 


The value of x may be neglected in the denominator. Because the equilibrium constant is so small, 
subtraction of x from 1.00 does not significantly change the value of the denominator. 


_ [H,O*][HS"] 
BES 


x? 


1.00- ¥ 


The pH of the solution is estimated to be between 3 and 4. 
(9x 10%) = Vx? 


x=3x107 M =[H,0*] 
pH = -log (3x10*)=3-4 


9x10% = 


D. (EK 3.B.2) Brønsted-Lowry acids are proton donors in solution. The species that behave as Brønsted- 
Lowry acids are H,S in the reactants and H,O* in the products. 


C. (EK 3.B.2) Brønsted-Lowry bases are proton acceptors in solution. The species that behave as bases in 
the reaction are HS in the products and H,O in the reactants. Because the acid dissociation constant is 
small, the equilibrium lies to the left. Because the equilibrium favors the side of the reaction with the 
weaker acid and base, H,O is a weaker base than HS. The K, of HS is larger than the K, of H,O. 
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16. C. (EK 6.A.1) Since gases dissolve in water in an exothermic process, a decrease in the temperature of the 
water increases the solubility of gaseous CO,. This results in an increase in the concentration of H,CO,, 
which drives the acid dissociation reaction toward products. The resulting increase in the H,O° 
concentration leads to a decrease in pH. 


17. D. (EK 5.B.2, 5.B.3, 5.B.4) The metal can be identified by its heat capacity. The heat gained by the water is 
equal to the heat lost by the metal. 


Dost = = ined 


where g = mcAT 


(1.00 g)(c)(25.3—100.0 °C) = -(20.0 g)(4.184 J- g -°C1)(25.3-25.0 °C) 


(1.00 £)(74.7 2€) 15. BPa 


18. A. (EK 5.E.3) In this reaction, one mole of gas becomes two moles of gas, so entropy increases. Because 
AH? and AS? are both positive, as temperature increases, the larger the TAS? term becomes in the equation 
AG? = AH? — TAS’. In other words, as T increases, AG° decreases. 


19. A. (EK 5.C.2) The difference between the sums of the bond energies of the reactants and the bond energies 
of the products gives an estimate of AH? 


AH?” „ =(> bonds broken)-(> bonds formed) 
= [5 (BE cur singe) + (BE cc singe) + BEKK) + (BEon singe I-[(BEcc due) + (BE ctinae) + 3 (BEng) 


55 kJ: mol = 412 kJ- mol” + 347 kJ - mol” + BE singe — [611 kJ - mol™ + 389 kJ - mol] 
BE cx single = 296 KJ - mol” 


20. B. (EK 2.A.1, 5.B.3) The energy that is transferred to a liquid as it undergoes a phase transition to the 
gaseous state does not raise the temperature of the liquid; during the phase transition, intermolecular 
forces are overcome and the individual particles of the substance separate from one another as energy is 


added. 
Boiling 
temperature 


Heat added does not result in a 


temperature change during a 
phase transition. 


Temperature 


Melting as 
temperature 


Heat Added 


21. C. (EK 5.C.2) The positive AH? indicates an endothermic process. Energy is required to overcome the 
attraction between a sodium ion and an electron. 
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22. 


23. 


24. 


26. 


27. 


28. 
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C. (EK 2.A.2) The density, temperature, and pressure of a gas can be used to determine the molar mass of 
the gas. Three equations, all available on the AP Chemistry Equations and Constants sheet, can be 
combined to solve for the molar mass. 


p= 
V 
m 
n = — 
M 
PV =nRT 


Where D is density, m is mass, V is volume, n is number of moles, M is molar mass, P is pressure, R is the 
gas constant, and T is temperature. 


Substitution and rearrangement to solve for the molar mass gives 


dRT (2.00 g- (0.08206 K - atr -mol!- K* (268 K) 
M a eee 
P 1 ain 


This is the molar mass of CO,,. 


= 44 g- mol” 


C. (EK 2.C.5) Double bonds are shorter than single bonds, so the C-O bond length in (CH,),CO is less 
than that in H,COH. The bond in CH,CO,, a resonance hybrid, is of intermediate length. It is longer than 
a double bond, but shorter than a single bond. 


So: © 0:9 ʻO: 
n e coo ! l 
| H3C~ ze me^ So Hc OCH; 
H 


C. (EK 4.A.1) Increased surface area of a reactant increases its exposure to the other reactant(s), allowing 
the reaction to proceed at a faster rate. 


D. (EK 1.B.1) Across a period, effective nuclear charge increases, causing the attraction of the electrons in 
a given sublevel to increase. The increased attraction of the electrons for the nucleus results in a larger 
energetic requirement for the removal of an electron from the sublevel. 


B. (EK 1.D.2) Ions are separated by mass-to-charge ratio in a mass spectrometer. The lower the ratio, the 
higher the deflection. All four species have the same charge (+1), but the species with the lowest mass, and 
therefore the lowest mass-to-charge ratio, is 'H;’O". 


160 
g sj 


H 


D. (EK 4.A.1, 4.A.2) The linearity of the plot of time versus In[N,O,] indicates that the reaction is first 
order with respect to N,O,. For any first order process, the half-life depends only on the rate constant, not 
on the initial concentration of the reactant. 


B. (EK 1.B.1) The first ionization energy is slightly lower for oxygen than it is for nitrogen due to repulsion 
between the two electrons in the first doubly occupied p-orbital of oxygen. 
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29. A. (EK 6.B.1, 6.B.2) At a lower pH, rainwater has a higher concentration of H,O*. An increase in the 


30. 


31. 


32. 


33. 


34. 


concentration of H,O* decreases Q and causes the reaction to shift to the right, meaning more of the 
marble dissolves. 


_ [Ca** ][HCO, ] 
= [B0] 


D. (EK 6.A.4) The equilibrium expression for the hypothetical reaction is 


A. (EK 6.A.3) The concentrations of the three species in the 100-L container are 


seci e695 
100 L 
ste e a9 5 
100 L 
eee O eM 
100 L 


The equilibrium quotient can be compared with the equilibrium constant. 


_ [SbC1, ][Cl,] _ (0.5)(0.6) _ 
=  (SbCl,] O02 | 


Q, 1.5 


Since Q, < K,, the reaction will shift toward products. Because one mole of gaseous reactant becomes two 
moles of gaseous products, the pressure will increase. 


C. (EK 4.D.1) The solid catalyst increases the rate of the reaction in vessel 2 by decreasing the activation 
energy of the reaction but the equilibrium constant is unchanged, so the total equilibrium pressures are 
equal in both vessels. 


A. (EK 2.C.4) The nitrogen structure in choice A has three regions of electron density (two single bonds 
and one double bond). It is sp’ hybridized. 


A. (EK 2.A.1) Both quartz (a network covalent solid) and steel (an interstitial alloy) are harder substances 
than NaCl, KI, KCl, and CaF,, which are ionic compounds. Sodium chloride (NaCl) is harder than 
potassium chloride (KCl) because the sodium ion has a smaller radius than the potassium ion, resulting in 
a stronger coulombic attraction with the chloride anion. Sodium chloride is softer than calcium fluoride 
(CaF,) because the 2+ charge of calcium (in addition to the smaller radius of the fluoride ion) leads to a 
stronger coulombic attraction between Ca” and F` than that between Na* and CI. Therefore, NaCl 
(choice A) is expected to have a hardness of 2.5. 


35. A. (EK 1.D.3) Absorption of ultraviolet photons leads to electronic transitions in atoms and molecules. 
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36. 


37. 


38. 


39. 


40. 


41. 


42. 


43. 


44. 
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A. (EK 2.A.2, 5.A.1) Because the four gases have equal temperatures, they have equal kinetic energies. For 
gases of similar kinetic energy, smaller molecular weight gases have greater average speeds. Because H, has 
the smallest molecular weight of the choices listed, the average speed of the gas particles is greatest in 
container 1. 


Speeds of Two Gases with Equal Kinetic Energy 


Larger molecular weight gas 


Number of Molecules 


oS Smaller molecular 
Ns weight gas 


Molecular Speed 


D. (EK 2.A.2) Fluorine atoms have more electrons and are more polarizable than hydrogen atoms, so the 
London dispersion forces experienced by CF, are greater than those experienced by CH,. Greater 
intermolecular attractions decrease the pressure inside the container. 


A. (EK 3.B.3) None of the elements in the reaction of NaBr with AgNO, undergoes a change in oxidation 
number. This is a double replacement reaction. 


B. (EK 3.B.3) The halogens are some of the most easily reduced elements on the periodic table. Addition 
of an electron to a neutral chlorine atom achieves a noble gas electron configuration. 


C. (EK 2.A.3, 5.E.3) The decrease in temperature indicates that the dissolution is endothermic. In order for 
AH = AH, + AH, + AH, to be positive overall, the magnitude of the sum of the two endothermic steps, 
AH, + AH,, must be greater than the magnitude of the exothermic step, AH,. 


B. (EK 6.C.2) A buffer is formed from approximately equal numbers of moles of a weak acid and its 
conjugate base. When one-half of an equivalent of HCl, a strong acid, is added to OCT, equal numbers of 
moles of HOCI and OCT result. The pH of the buffer solution is equal to the pK, of the acid. For HOCI] 


pK, = -log K, = log(3.5 x 10°) = 7.4 


B. (EK 4.B.1, 4.B.2) Temperature is a measure of average kinetic energy. The higher the average kinetic 
energy or temperature of a system, the more frequently the molecules collide with sufficient energy to 
overcome the activation barrier. 


B. (EK 6.C.1) The pH at the equivalence point of the titration, when about 50 mL of titrant have been 
added, is about 9. The high pH at the equivalence point, in addition to the shape of the curve, show that 
the titration is of a weak monoprotic acid with a strong base. 


D. (EK 2.B.1, 2.B.2, 2.B.3) The boiling point trend of the group IV hydrides is generally increasing because 
as the size and polarizability of the electron clouds increase, the stronger the London dispersion forces are 
among the molecules. However, ammonia deviates from this general trend and has a much higher boiling 
point than expected because it is capable of hydrogen bonding. 
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45. D. (EK 2.C.4) Of the choices given, only the compound with three carbons can exist as more than one 
isomer (it can either contain a double bond or exist as a ring). 


H H 
Fa 

a Ne al i ae 

H~ | | cH “xr 
H H H~ | 
H 


46. C. (EK 2.C.4) Only 2-butene (choice C) can exist as two geometric isomers due to restricted rotation about 
the z-bond. Rotation about the z-bond would lead to different isomer. 


| | 
C H C CH 
Hc ka Hc Se i 


CH; 


47. B. (EK 2.C.4) Many physical and chemical properties of isomers are very different. For instance, n-hexane 
and 2,3-dimethylbutane have different boiling points because they have different surface areas, which leads 
to different degrees of intermolecular attractions. 


48. A. (EK 2.D.3) Boron has fewer valence electrons than germanium, so addition of boron will result in 
positive holes in the semiconductor. 


49. C. (EK 4.A.2) The rate law can be determined by comparing the trials. 
The order with respect to I can be determined from trials 2 and 3. 
rate, _ kI KICIO-BIOH 
rate, kil RICIO KIOH J; 
6.0x10°  K(1.00 x 107)* (5.0010 Y (5009x10" y 
3.0x10° €(5.00x107)*( 500x10" } (500x107 } 
PATIN 


x=] 


The order with respect to ClO can be determined from trials 1 and 3. 


rate; _6.0x10° _ K(5.00-xT0™ )*(1.00x107)’ (5 00x10" )* 
rate, 3.0x10° (500x«TO™ )*(5.00x107°)’(500xI0~ y7 


2=2’ 
y=l 


The order with respect to OH can be determined from trials 3 and 4. 


rate, _ 3.0x107 _ K(5.00x10" )*( 5.0010" )’(5.00x107)* 


rate, 15x10? (500x«10~ )*(5.00x10~ )’(1.00 x 107) 
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50. 


51. 


53. 


54. 
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The rate law is written as 
rate = A[CIO}{I ?[OH J = A[CIO T[I [OH J" 
D. (EK 4.A.3) The overall order of the reaction is the sum of the orders with respect to the reactants. 
xtyt+z=1+1-1=1 
The first order rate constant has units of time”. 


A. (EK 3.A.2) It is first necessary to write and balance the chemical equation for the reaction. 
2 K(g) + O,(g) > K,O,(s) 


The theoretical yield can be determined by finding the smallest possible number of moles of K,O, formed. 


= 0.500 mol K,O, 


1 metK oe 
l gK 
a “39.10 gK 2 


1 mol; 1 mol K,0, E 
32.0 A x 32.00 gy x T mobo, = 1.00 mol K,O, 


This shows that K is the limiting reagent and half (16 grams) of the O, is left over. The molar mass of K,O, 
is 110.2 g-mol". 


0.500 m ge eS Bees KO, 


21 mol KO, 


A. (EK 4.C.1) Because of the unlikelihood of three molecules of gas colliding simultaneously with the 
correct orientation and energy for a reaction to occur, a trimolecular elementary step, which would occur if 
the reaction proceeded in the single step that is shown, is very rare. 


B. (EK 3.C.3) The oxidation number of Sn changes from +4 to +2. It becomes less positive, so Sn is being 
reduced. The oxidation number of Fe changes from +2 to +3. It becomes more positive, so Fe is being 
oxidized. 

| Dee D 


— E? = 0.15 V—0.77 V = -0.62 V 


cell reduction oxidation 


The negative cell potential is indicative of a thermodynamically disfavored process. 


A. (EK 3.C.3) The electrolysis of KCI will result in one of two reductions at the cathode. 
K' +e >K 
or 


2 H,O +2 e > H, +2 OH 


Because the alkali metal cations are very difficult to reduce (a neutral alkali metal atom achieves noble gas 
configuration easily by losing an electron), the reduction of water takes place at the cathode, as shown in 
choice A. 


D. (EK 2.B.2, 5.D.1) Dipole-induced dipole attractions occur between a polar molecule and a nonpolar 
molecule. Proximity to the polar molecule causes the electrons of the nonpolar molecule to temporarily 
polarize, resulting in an intermolecular attraction. HCl is the most polar molecule included in the choices, 
and Br, is a nonpolar molecule, so the most important intermolecular force between the two molecules will 
be dipole-induced dipole attractions. 
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56. A. (EK 4.B.3) The plot of In(k) versus T`, as shown in the plot in choice A, gives a straight line with a 
E, 
negative slope equal to — ri 


57. C. (EK 6.A.3) Carbon dioxide is the only gaseous product of the reaction, so the total pressure inside the 
container is equal to the partial pressure of CO,, as shown in choice C. 


Kp = fco, 


58. A. (EK 6.D.1) The change in Gibbs free energy is related to the equilibrium constant. 
AG° =-RT In K 


Because K is less than 1, In K is negative and —RT In K is positive. 


59. A. (EK 2.C.1, 5.C.1) Triple bonds, in general, are stronger and shorter than double bonds. An N-N bond in 
N, is a triple bond and an O-O double bond in O, is a double bond, so X corresponds to N, and Y 
corresponds to O.. (This is a simple explanation that does not take the diradical nature of O, into account; 
it is sufficient for AP-level justification.) 


60. C. (EK 2.C.3) The “electron sea” model of metallic bonding (choice C), in which conductive electrons are 
shared among fixed metallic nuclei, is responsible for the conductivity and malleability of metals. 


Section Il: Free Response 
1. a. (EK 1.A.1, 1.A.3) 


0.200 gayé x Linol dye =2.52x10~ mol dye 


792.86 gaye 


b. (EK 2.A.3) A volumetric flask is a precisely calibrated piece of glassware that is designed to contain an 
accurately-known volume of solvent at a particular temperature. A volumetric flask is more accurate 
than a graduated cylinder, so it should be chosen. 


c. (EK 2.A.3) 
4 
l 
doe eyo ar 
0.500 L 
d. (EK 2.A.3) 
M,x V.=M,x V, 
M = M, x Vi 
Ny, 


E (5.05x10* M) x (0.50 mT) 


=2.53x10° M 
100.0 mi 


M, 


e. (EK 1.D.3) The dye shows a maximum absorbance at about 630 nm, so this wavelength is a good choice 
for the absorbance measurements. 


f. i. (EK 4.A.1, 4.A.2) The reaction is first order with respect to the dye, since the plot of In absorbance 
versus time is linear. 


ii. (EK 4.A.1, 4.4.2) Because the reaction rate doubles when the concentration of bleach doubles, the 
reaction is first order in bleach. The rate expression is 


rate = k[dye][bleach] 
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2. a. (EK 6.C.1) State symbols —(aq), (D, etc.—are not required for full credit unless otherwise stated on the 


exam. 

C,,H,,O,N(aq) + H,O() = C,,H,,0,NH (aq) + OH (aq) 
b. (EK 6.C.1) 

K, = [C,,H,,.O;NH* [OH ] 
[C,,H,,0;N] 
c. (EK 6.C.1) 
pOH = -log [OH] = -log (3.17 x 10“) = 3.499 
pH = 14.000 — 3.499 = 10.501 

d. (EK 6.C.1) 


C,H,ON C,H,,O,NH" 
Initial Concentrations (M) | 0.0621 a a 


Change 3.17 x10" | N f+317x10* | + 3.17 x 10" 
Equilibrium 0.061783 3.17 x 10" 3.17 x 10° 
Concentrations (M) 


_ [C,7H,,O;NH* JOH] (3.17 x107)(3.17 x 10%) 


K, =1.63x10° 
[C,,H,,O;N] 0.061783 
Notice that the calculated value is 1.6264830 x 10°. This unrounded value should be used in question 
2.f.11. below. 
e. (EK 6.C.1) 
-4 
% ionization = ohne x 100% = 0.510% 
0.0621 
f. i. (EK 6.C.1) 
HCl(aq) + C,,H,,O,N(aq) = C,,H,,O,NH*Cl(aq) 
LL 0.0621 
ae e e _ 4 807) ol ere 
1000 mL morphine 1 L morphine 
1 molmerphine 0.0500 me!HCI 
ii. (EK 6.C.1) 


C,,H,,O,NH (aq) + H,O() = C,,H,,O,N(aqg) + H,O*(aq) 


Mx V,=M,x V, 
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M, xV, 
V, 
ee ld M)x (25.0 BL) _ 9 «977 “i 
(25.04 31.1) mi 


M,= 


K, 1.00x10~" 


=—* = —_______=6,15x10" 
°K,  1.6264830x10° 


CONH CHON 


Eem A T PO 
Concentrations eo 

Change | 

E a N 
Concentrations (M) 


_[C,,H,0; NJH, o']_ x? 
[CH O,NH*] 0.0277- x 


a 


=6.14x10° 


Because K, is very small, x can be neglected in the denominator. (Rounding takes place only after 
the final calculation.) 


x = J(0.0277)(6.14x 107) = 1.30 x 10° =[H,0*] 


pH = -log (1.30 x 10°) = 4.884 


iii. (EK 6.C.1) 


14.0 mE-HACl x —— | L-HCI gue C 0500 ei aE g OUR NE OOO" mol C,,H,,O;NH* 
1000 LHCl = {Lac 1 moHHcl 


I L ine 
25.0 mL ine x1 ,. 0: 0621 mol 0.0621 mol morphine 


= 0.00155 mol morphine 
1000 m TA 1L 
-1 Limorphtne initially present 
0.00155 mol — 7.00 x10% mol = 8.53 x10 mol morphine remaining after HCl was added 
(notice that the value generated by the calculator is 8.525 x10~). 


[BH*] ie 7.00 x10“ 

OH = pK, + log-—— = —- log(1.63 x 10°) + log} ———-——— = 5.702 
adhe aie ee | sí ) 8.525 x10” 

pH = 14.000 — pOH = 8.298 


Notice that the numbers of moles can be used directly in the Henderson-Hasselbalch equation since 
both numbers of moles are divided by the same volume. 


Eora 

39m j}  7.00x10~ 

E xig“ ~ 8.525x107 
39m 
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g. (EK 6.C.1) The titration curve of morphine begins at a pH of 10.501. The equivalence point occurs at 
4.884. Halfway to the equivalence point, when about 15.5 mL of HCI have been added, the pOH of the 
solution is equal to the pK,. 


pK, = -log (1.63 x 10°) = 5.788 = pOH 
pH = 14.000 — 5.788 = 8.212 


The sketch should resemble the following. 


pH = 10.501 


pH 


Equivalence point 


pH = 4.884 


0 13.5 31.1 
Volume of HCI Added (mL) 


3. a. (EK 3.C.3) 


E E? E 


cell cathode anode 


0.807 V = E°?... —(-1.210 V) 


cathode 


| = —0.403 V 


cathode 


b. (EK 3.C.3) The salt bridge maintains electrical neutrality in the half-cells. It allows for the passage of 
cations into the cathode to replace the ones that are removed from solution during reduction, and it 
allows anions to migrate into the anode where cations are being released into the solution. The salt 
bridge also connects the two half-cells while preventing their contents from mixing. 


c. (EK 3.C.3) 


Cd* +S* — CdS 


State symbols are not required for credit on the AP Chemistry exam, but if they are included, the 
equation becomes 


Cd” (aq) + S* (aq) > CdS(s) 


d. (EK 3.C.3, 6.B.1, 6.B.2) A decrease in the concentration of Cd™ would have the effect of decreasing the 
overall cell potential. The equilibrium quotient would be greater than the equilibrium constant, favoring 
the reactants. 
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Although the Nernst equation is not required for this answer, it is a helpful method for logic-checking. 


pap log Q 
n 


l 


oa IS 


Because [Cd*’] is decreased, Q is increased, and a larger value of log Q is subtracted from E°. 


e. (EK 3.C.3) 


lJ l kJ 
AG? = —nFE° = -(2)(96,485 Z - mol” 0.807 = —156 kJ - mol” 
2y96.485 Z moi) 2 (0.807 O | 
f. (EK 3.C.3, 6.C.3, 6.D.1) First, the reaction is reversed to show the dissociation of CdS, and the sign of 


E? changes. 
CdS(s) — Cd” (aq) + S* (aq) 
E? = -0.807 V 


AG° = -RT ln K = -nF E° 


-(8.314 J - mot” - (298 K)(In Kp) =—(2)(96,485 J - W” - mot -0.807 X) 


Kp =e% =5.042x10” 


g. (EK 6.C.3) 


CaS(s) ca*(ag) | S*(ag) 
Initial Concentrations (M) {itl Coneenratons A e e 0.100 


Change —™ 
Equilibrium wo p EC f." 
Concentrations (M) 


= [Cd° IS] 


K, = (x)(0.100 + x) = 5.042 x 10°28 


Because the K,, is very small, the simplifying assumption can be made that x, the number of moles of CdS 
that dissolve in a 0.100 M solution of S”, is negligibly small. In that case, it can be omitted from the (0.100 
+ x) term. 


5.04210" = x(0.100+ X)=0.100x 
x=5.042x10” mol”. L” 


4. a. (EK 3.A.1) 
NaH(s) + H,O() — NaOH(aq) + H (2) 
b. (EK 2.A.2) 


T = 24°C + 273 = 297 K 
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Perina Siena 


760 torf 
PV 
n = — 
RT 
0.996 atm )(0.0192 
n= eee o C 7.85x10* mol 
(0.08206 K - atr -mol!- K297 K) 
c. (EK 2.A.2) 
fa = F ial a Xy, 
fa = Fai Z Pao 
757 torr — 22.5 torr = (757 torr) x Xu, 
Xy, = 0.970 


ny, = (0.970)(7.85 x 10% mol) = 7.61x10~ mol 


nRT  (7.61X107 yao )(0.08206 L- att - molt - (297 K) E 
= ee ee 006 La 1s mb 
P 0.996 atm 


d. (EK 2.A.2) The volume of HCl is less than the volume occupied by the H,. HCl is a polar molecule in 
contrast to H,, which is nonpolar. While H, experiences only London dispersion forces, HCI also 
experiences dipole-dipole attractions. This causes the volume of HCI to be less than the volume 
predicted by the ideal gas law. 


5. a. (EK 2.D.3) The B-BN allotrope is expected to be harder than the a-BN allotrope because all the boron 
atoms are covalently bound to all the surrounding nitrogen atoms in the B-BN form. The a-BN form 
resembles graphite in that the layers experience noncovalent intermolecular attractions. These are easily 
overcome, causing a-BN to be softer. 


b. (EK 2.C.4) 


V 


Graphite a-BN 


c. (EK 2.C.4) The boron atoms are sp’ hybridized with trigonal planar geometry. 


d. (EK 1.A.1) Assume there are 100 g of the unknown compound. If nitrogen comprises 34.18 g, 
element X must make up the other 65.82 g. The number of moles of nitrogen present can be 
determined. 
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34.18 gh x PIN 2,440 mol N 


14.01 gx 


Since the elements are present in a 1:1 mole ratio, there must also be 2.440 moles of element X. 


65.82 g 


= ——___ == 26.98 g-mol” 
2.440 mol 
The element is aluminum. 
6. a. (EK 5.C.2) 
AH xn = 2 nh; (products) — 2 nAH E reactants) 


AH {xn =| (2(-393.5 kJ -mol™)) + (-241.8 kJ-mol™) |-[227.4 kJ-mol”] 


AH? =—1256.2 kJ- mol” 


b. (EK 5.B.3) The molar mass of acetylene is 26.04 g-mol". 


mol | -1256.2 kJ 
nAH oxy = (500.0 = |= -24,120 kJ 
q= rxn = ( oas 04 Fi 1 
c. (EK 5.E.1, 5.E.2) 
AG° = AH°-TAS° 
_ AH°-AG? _[|-1256.2 kJ-mol™ ~(-1227 kJ-mol”) | _ 
© T 298 K 


AS° —0.0980 kJ- mol” -K™'=-—98.0 J: mol”. K” 


d. (EK 5.C.2) 
AH xn =( bonds broken) - (È bonds formed) 
-1256.2 kJ - mol" -|(2x412 kJ : mol” )+ BE c-c triple + (5x495 kJ : mol” | 


-|(4x 799 kJ - mol"! )+(2 x 467 kJ- mol” ) 
BE c-crripe = 812 KJ - mol 


7. a. (EK 3.A.1) 
NH,CO,NH,(s) = 2 NH,(g) + CO,(g) 


b. i. (EK 2.A.2) 


NH,CO,NH ($) 2 NH ame co ow 
Initial Concentrations (M) a 


Change 


Equilibrium 
Concentrations (M) 
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2x + x = 0.270 atm 
x = 0.0900 atm = Foo, 


Pyn, = 2x = 2(0.0900 atm) = 0.180 atm 
ii. (EK 6.A.3) 


2 2 
K, = Pau, Fco, = (0-180)? (0.0900) = 0.00292 


c. (EK 6.A.3) Disagree with this statement. When equilibrium is re-established, the product of the partial 


pressure of CO, and the partial pressure of NH, squared will still equal K,. This means that the total 
pressure after equilibrium is re-established will still be 0.270 atm. 
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Section I: Multiple Choice 


60 Questions 
90 Minutes 


Calculators are not allowed for Section I. 


Note: For all questions, assume the temperature is 298 K, the pressure is 1.0 atm, and solutions are aqueous 
unless otherwise specified. 


Directions: Each of the questions or incomplete statements below is followed by four suggested answers or 
completions. Select the one that is best in each case and then fill in the corresponding circle on the answer sheet. 


1. Combustion of which of the following in excess oxygen results in a 2:1 mole ratio of CO, to H,O? 


A. CH, 
B. CH, 
C. CH, 
D. C,H, 


GO ON TO THE NEXT PAGE 
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2. A conductivity experiment is conducted as shown in the figure below. 


When a 1.00 M solution of ammonia, NH,, and a 1.00 M solution of acetic acid, CH,COOH, are mixed, 


the bulb glows brightly. 
Which particulate diagram best explains this result? Water is not shown. 
@ Carbon 
@ Nitrogen 
@ Oxygen 
^ Hydrogen 
A. B. 


3. Stainless steel is an alloy of iron and carbon. Which of the following provides the best explanation for the 
unreactive nature of the surface of the alloy? 


Ionic bonds between iron and carbon prevent atmospheric oxygen from reacting with the metal. 

A thin film of chromium oxide at the surface of the metal prevents reaction with oxygen. 

Both iron and carbon are unreactive toward gaseous components of the atmosphere. 

The iron in stainless steel is enriched such that the unreactive iron isotope makes up the majority of 
the iron atoms. 


SOM pe 


GO ON TO THE NEXT PAGE 


410 


Chapter 9: Practice Exam 2 


Use the photoelectron spectra for pure elements X, Y, and Z to answer questions 4-7. 


Element X 


1.68 


67.2 3.88 


Relative Number of Electrons 


100 10 1 0.1 
Binding Energy (MJ-mol-!) 


Element Y 


Relative Number of Electrons 


1000 100 10 l 0.1 
Binding Energy (MJ-mo!!) 


Element Z 


Relative Number of Electrons 


1000 100 10 l ua 
Binding Energy (MJ -mol!) 
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Niels Bohr is credited with the “shell” model of the atom, which explains the atomic emission spectrum of 
hydrogen. How would these three photoelectron spectra differ if the shell model was a correct 
representation of the arrangement of the electrons in a polyelectronic atom? 


All the peaks would have lower binding energies due to equal shielding of the orbitals in a shell. 
All but the highest-energy peaks would have lower binding energies due to equal orbital shielding. 
The spectra would have fewer peaks because the shells would not be divided into subshells. 

The spectra would have more peaks because each orbital in each subshell would have a slightly 
different energy. 


SOM 


Which element(s), X, Y, and/or Z, is/are expected to ionize by gaining electrons? 


A. Xonly 
B. Y only 
C. Zonly 


D. Both Y and Z 


Which neutral element is expected to have the largest atomic radius? 


A. Element X, because it has the smallest nuclear charge of the three elements and its valence electrons 
experience the least shielding 

B. Element Z, because it experiences the most shielding and the greatest electron-electron repulsions 

C. Elements X and Y will have similar radii; both will be larger than element Z because they have 
smaller nuclear charges 

D. Element Y, because it has a smaller nuclear charge than element Z and its valence electrons experience 
more shielding than the valence electrons of element X 


Compare the peak labeled “A” in the spectrum for element Y with the peak labeled “B” in the spectrum for 
element Z. Why does peak A have a lower binding energy than peak B? 


A. Element Y has a lower effective nuclear charge than element Z. 

B. The electrons contributing to the peak experience greater electron-electron repulsions in element Z 
than in element Y. 

C. The coulombic attraction between the electrons and the nucleus is less in element Y than in element Z 
due to a smaller distance between the electrons and the nucleus. 

D. Peak A arises from electrons in a 2s sublevel, while peak B arises from electrons in a 2p sublevel. 


A yellow crystalline solid exhibits the following properties: 


=m Itis insoluble in water. 
= It does not conduct electricity in its solid form. 
= It melts at 115 °C. 


Which of the following substances could be the solid? 


SAR > 
LF 
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Which of the following solutions has the highest pH at 25 °C? 


A. 1.00 MNaF 

B. 1.00 M NaBr 

C. 1.00 MCH,OH 
D. 1.00 M CH,CO,H 


Which compound exhibits the highest degree of ionic character? 


A. CH,Br 
B. PbBr, 
C. NBr, 
D. CHBr, 


Which of the statements regarding elemental silicon is false? 


A. Elemental silicon forms a network covalent solid similar to diamond since it is capable of forming 
four covalent bonds. 

B. The conductivity of silicon increases with increasing temperature since the number of electrons in the 
conduction band decreases. 

C. Silicon, like water, is less dense in its solid state than it is in its liquid state. 

D. Elemental silicon has a melting point that is higher than that of mercury or aluminum, but lower than 
that of elemental carbon. 


Which structure below is expected to make the greatest contribution to the resonance hybrid structure of 
HCl10,? 


A. ee B. “9: 
No Ps mes 
:0: :0% 
c. i : D. "o 
SAS NA NS 
70: O, 


Which of the following correctly describes the shape of the TeCl, ion? 


The ion has an electronic geometry similar to SF, and a molecular geometry similar to BrF,. 
The ion has an electronic geometry similar to PF, and a molecular geometry similar to PF,. 
The ion has an electronic geometry similar to SF, and a molecular geometry similar to SbCl,. 
The ion has an electronic geometry similar to PF, and a molecular geometry similar to SbF,. 


Jawe 
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14. Which of the following correctly ranks the bonds according to increasing bond strength? 


C-C double bond < C-C single bond < Si-Si single bond 
C-C single bond < C-C double bond < Si-Si single bond 
Si-Si single bond < C-C double bond < C-C single bond 
Si-Si single bond < C-C single bond < C-C double bond 


SOM 


15. Which of the following processes is expected to be endothermic? 


A. Ionization of a neutral atom due to absorption of a photon 

B. Emission of a photon from a neutral atom due to relaxation of an electron from an excited state to 
the ground state 

C. Condensation of gaseous helium atoms at 4 K and 1 atm 

D. Dissolution of sodium hydroxide in distilled water 


Questions 16—17 refer to the hypothetical reaction below. 


At a given temperature, the equilibrium constant, K,, for the following reaction is 1.0 x 10”. 


2 AB,(g) = A,(g) + 3B,(g) 


16. What is the value of K, for the reaction below at this temperature? 


l 3 
7 A,(s)+5 B,(g)= AB, (2) 
A. 1.0 10° 
B. 1.0 10° 
C. 10x10" 
D. 1.0 x10” 


17. Consider the decomposition of gaseous AB to form gaseous A and B atoms. 


AB(g) > A(g) + B(g) 


Which choice is likely to be true of the system in the reverse direction? 


A. AS>0;AH>0O 
B. AS<0;AH<0O 
C. AS>0;AH <0 
D. AS<0;AH>0O 


18. A saturated solution of CaF, has a Ca” concentration of x mol-L”. What is the K, of CaF,? 


SAR > 
No 
a 


GO ON TO THE NEXT PAGE 


414 


19. 


20. 


21. 


22. 


Chapter 9: Practice Exam 2 


The oxidation of glucose during the fermentation process is exothermic, and the equilibrium constant, K,, 
is 9 x 10” at 298 K. 


C,H,,0,(s) = 2 C,H,O() + 2 CO,(g) 
Which statement is true of the fermentation reaction? 


The change in entropy for the reaction is negative. 

The reaction is thermodynamically disfavored at high temperatures. 

The equilibrium can be shifted toward products by increasing the temperature of the reaction. 
The equilibrium constant can be increased by decreasing the temperature of the reaction. 


SOM p 


Which of the following statements regarding enzyme catalysis is false? 


A. The enzyme has a binding pocket in which the substrate may be positioned in a reactive orientation. 

B. The enzyme raises the energy of the transition state of the reaction compared with the transition state 
of the uncatalyzed reaction. 

C. The enzyme may provide an alternative reaction pathway with a transition state that is different from 
the uncatalyzed reaction. 

D. The enzyme’s three-dimensional structure is a result of intermolecular interactions between its amino 
acid residues and the aqueous surroundings. 


The equation for the decomposition of nitryl chloride and the rate law for the reaction are shown below. 


2 NO,Cl > 2 NO, + Cl, 


rate = k[NO,C]] 


A researcher proposes two different mechanisms for the reaction. 


NO,Cl > NO, + Cl (slow) 2 NO,Cl = N,O, + Cl, (fast) 
Cl + NO,Cl > NO, + Cl, (fast) N,O, > 2 NO, (slow) 


Based on this information, which of the following is true? 


Only mechanism 1 is consistent with the rate law. 

Only mechanism 2 is consistent with the rate law. 

Both mechanism 1 and mechanism 2 are consistent with the rate law. 
Neither mechanism 1 nor mechanism 2 is consistent with the rate law. 


SOM pS 


Which statement is incorrect regarding crystalline solids, such as quartz, and amorphous solids, such as 
obsidian? 


A. Crystalline solids have a sharp melting point, while amorphous solids melt over a temperature range. 

B. Crystalline solids shatter into regularly shaped fragments, while amorphous solids do not. 

C. A crystalline solid is composed of regularly spaced atoms, while the atoms of an amorphous solid are 
distributed randomly. 

D. A crystalline solid, which has a regular long-range structure, is referred to as a glass. 
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23. A reactant, A, undergoes decomposition according to the reaction below. Use the data to determine the 


24. 


416 


order of the reaction with respect to reactant A. 


A —> products 


Time (win) (IA) 


0.500 -0.693 


Zero order 

First order 

Second order 

Cannot be determined from the information given 


Jaw» 


Which procedure could be used to change the equilibrium constant for a reaction? 


A. Increase the temperature of the reaction. 

B. Decrease the volume of the reaction vessel. 

C. Add solvent to the reaction vessel. 

D. Add additional reactant to the reaction vessel. 


Use the E° values in the table to determine which reaction would have the largest equilibrium constant as 


written. 
Reaction | E°(V) 
A. 3Pb*+2Al—>3Pb+2 Al" 
B. 3 Fe” +2 Al > 3 Fe +2 Al” 
C. 3 Pb +2 Al” > 3 Pb” +2 Al 
D. 3 Fe +2 Al” > 3 Fe” +2Al 
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26. Which of the following diagrams best represents the change in electrical conductivity of a solution of 
HF(aq) as a solution of NaOH(aq) is added? 


A. 


Conductivity 


B. 


Conductivity 


Volume of NaOH Volume of NaOH 


Conductivity 
Conductivity 


Volume of NaOH Volume of NaOH 


27. Which of the following statements is false? 


A. 
B. 
C. 


D. 


Strong acids and strong bases are approximately 100% ionized in dilute aqueous solutions. 
A conjugate acid is formed when a proton is added to a base. 

Water is considered to be amphiprotic, but not amphoteric. 

All strong bases appear to have the same strength in aqueous solution. 


28. When a 50.0-mL solution of 0.100 M KI is titrated with 0.0500 M K,Cr,O, in acidic solution, the products 
of the reaction are I, and Cr”. What volume of K,Cr,O, is required to react completely? 


A. 


B. 


C. 
D. 


6.67 mL 
16.7 mL 
30.0 mL 
60.0 mL 


29. How many grams of aluminum would be produced if a sample of Al,O, was electrolyzed for 96,500 
seconds using a 3.00-amp current? 


A. 
B. 
C. 
D. 


9 g 
18 g 
21g 
54 g 


Questions 30-31 refer to the unbalanced redox reaction below. 


MnO; + SO? > MnO? + SO? 


30. Which ion in the equation above contains the element that is undergoing reduction? 


Sa 


MnO, 
SO; 
MnO; 
SO; 
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31. What is the smallest whole-number coefficient of OH in the balanced equation when the reaction occurs 
in alkaline solution? 


A. 1 
B. 2 
C 3 
D. 4 


Use the following data to answer questions 32-33. 


Structure | Boiling Point CC) _ | Molar Mass (gmot) | Density (mL) 


Propanol 


Propionaldehyde 


32. A chemist has 100.0 mL of a clear, colorless liquid composed of 5.0 mL of propanol dissolved in 95.0 mL 
of propionaldehyde. Which method should the chemist use in order to separate the mixture? 


A. Paper chromatography 
B. Filtration 

C. Centrifugation 

D. Distillation 


33. What is the approximate molarity of propanol in the solution? 


A. 0.67 
B. 0.83 
Ce I3 
D. 16 


34. Which choice provides the best explanation for the thermodynamic favorability of the freezing of benzene 
at 6 °C and 1 atm of pressure? 


A. The decrease in the entropy of the system is offset by a sufficient increase in the entropy of the 
Surroundings. 

B. The increase in the entropy of the system is offset by a sufficient increase in the entropy of the 
universe. 

C. The change in Gibbs free energy is negative because the process is highly endothermic. 

D. The entropy of the system increases because of attractive London dispersion forces between the 
benzene molecules. 
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35. When a reactant’s concentration is tripled, the rate of the reaction increases by a factor of 27. What is the 
order of the reaction with respect to the reactant? 


36. 


37. 


A. 
B. 
C. 
D. 


O U N 


21 


A student uses a balance to weigh 169.88 g of AgNO,. Another student uses a more precise balance to 
weigh 0.120 g of AgNO,. The solids are combined and transferred to a beaker. The graduated cylinder 
shown below is used to add 100 mL of water with as much precision as possible. How many significant 
figures should be reported for the calculated molarity? 


SAM pe 


250 : 2/1 
ml in 20° C 


N 
nN 
© 


nu 


\ 


uf 


( 


ANCA 


(Ww 


\\ 


z 
= 


\ 


| RCAC 


Nn BB W 


Which of the following statements regarding real gas behavior is false? 


A. 


B. 
C. 


A real gas behaves more ideally at high temperature and low pressure than it does at low temperature 
and high pressure. 

Molecules of a real gas occupy significant volume. 

Intermolecular attractions between gas molecules are most significant when the molecules are in the 
process of colliding. 

Neon gas is expected to deviate very little from ideal behavior since neon atoms occupy volume but 
do not experience intermolecular attractions. 
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38. The rate law for the dimerization of hexafluoropropene, C,F,, was determined to be second order overall. 
A linear plot was obtained as shown below. What labels should be used for the x and y axes, respectively? 


2CUF, > CF, 


Time; [C,F,] 
Time; [C,F J” 
Time; In [C,F;] 
[CF]; Time 


Jawe 


Refer to the structures of toluene, ethylbenzene, chlorobenzene, and aniline to answer questions 39—40. 


CH; 


Chlorobenzene 


CHCH; 


Ethylbenzene 


NH, 


Aniline 


39. Which of the liquids has the greatest surface tension and why? 


A. The surface tension of aniline is the greatest because it is capable of hydrogen bonding. 
B. The surface tension of ethylbenzene is greatest because it experiences the strongest London dispersion 


forces. 


C. The surface tension of chlorobenzene is greatest because it has the highest molar mass and is thus 


most polarizable. 


D. The surface tension of toluene is greatest because its small size results in the greatest coulombic 


attraction between molecules. 


420 
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40. How is the surface tension of toluene expected to change with increasing temperature? 


A. 
B. 
C. 


D. 


The surface tension will increase because the intermolecular forces increase at higher temperatures. 
The surface tension will decrease because the intermolecular forces increase at higher temperatures. 
The surface tension will increase because the kinetic energy of the molecules is greater at higher 
temperatures. 

The surface tension will decrease because the kinetic energy of the molecules is greater at higher 
temperatures. 


41. At constant external pressure, for which process is w < 0? 


A. 
B. 
C. 
D. 


L(g) > L(s) 

Br (D > Br,(g) 

N,0,(g) + H,O() > 2 HNO, (D 
H,O(/) > H,O(s) 


42. For which equation is the equilibrium constant equal to the base dissociation constant, K,, for the 


43. 


HSO, ion? 

A. HSO,(aq) + H,O() = H,SO,(aq) + OH (aq) 
B. HSO;(aq) + OH (ag) = SO;(aqg) + H,O() 
C. HSO- (aq) + OH (aq) = HSO;(aq) + H,OW/ 
D. SO;(aq) + H,O(aqg) = HSO;(aq) + OH (aq) 


A sample of liquid ethanol and a sample of solid ethanol are at equilibrium at —114 °C and 1.0 atm. Which 
of the following statements is false? 


SAW > 


The average kinetic energies of the liquid and the solid are equal. 
The entropy of the solid is less than the entropy of the liquid. 
The rate of melting is equal to the rate of freezing. 

The enthalpy change for the melting process is zero. 
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44. Which axes labels correctly describe the following plot of an ideal gas relationship? 


a Co 
B. [Volume [Temperature 
D. [Pressure Tempera 
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Mercury(II) ions form red complexes with the reagent C,,H.S,N,O,. 


A 200.0-mL sample of dental wastewater was evaporated to dryness. It was re-dissolved in 1.0 mL of H,O 
and mixed with 1.0 mL of an acidic solution of excess C,,H,S,N,0,. The absorbance of the complex was 
compared with the Beer’s plot below. 


0.09 


0.08 


Absorbance 


0 5.0 x 10-7 1.0 x 10-6 1.5 x 10-6 2.0 x 10-6 2.5 x 10-6 


Concentration (mol-L-!) 


The absorbance of the final solution was 0.040. What is the concentration of Hg” in the wastewater? 


A. 50x 10° M 
B. 1.0 10°M 
C. 50x10°M 
D. 1.0x10°M 


Which experimental result provides evidence for the assertion that not all boron atoms are identical? 


There are three peaks in the photoelectron spectrum of a sample of pure boron. 

There are two peaks in the mass spectrum of a sample of pure boron. 

The fourth ionization energy of boron is almost seven times as large as the third ionization energy. 
Boron can combine with oxygen to form boron trioxide, B,O,, or boron suboxide, B,O. 


SOM pe 
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47. Which of the following choices best describes the identities and temperatures of both Gas A and Gas B as 
represented in the Maxwell-Boltzmann distribution below? 


Number of Molecules 


Molecular Speed 


[Gasa |GasB 
He at 35 °C O, at 35 °C 


B | O, at 35°C He at 35 °C 
He at 35 °C He at 25 °C 
D. | He at 35 °C O, at 25 °C 


Questions 48—49 refer to the following scenario. 


When KI(aq) and Pb(NO,),(aq) solutions are combined, a yellow precipitate results. A 0.400 M solution of 
KI(aq) is added to a 20.0-mL solution of Pb(NO,),(aq) until no additional precipitate forms. The resulting 
solid is filtered and thoroughly dried. The mass of the solid is determined to be 2.31 g. 


48. How many moles of Pb(NO,), were initially present? 


A. 2.00 x 10° 
B. 2.00 x 10° 
C. 5.01 x 10° 
D. 5.01 x 10° 
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49. Which of the following diagrams best represents the filtrate solution? 


50. Which choice correctly identifies the conjugate acid and conjugate base of HSO,? 


(a Conjugate Acid Conjugate Base 


B. HS0, [OH 
D. [so> [BSO 


51. The hydrolysis of maltose at pH 7 and 298 K is exergonic. 


maltose + H,O = 2 glucose AG” = -15.5 kJ:mol”' 


Which of the following is true? 


K < 1 and the reaction is exothermic. 

K > 1 and the reaction is endothermic. 

K< 1 and no information about the change in enthalpy can be determined. 
K> 1 and no information about the change in enthalpy can be determined. 


Sa 
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Questions 52—55 refer to the experiment described below. 


A 25.0-mL solution of phosphoric acid, H,PO,, with an unknown concentration is titrated with 0.100 M NaOH, 
and the following plot of pH versus volume of base added is obtained. 


G28 a AAA A 
pH 7.20) lexessneeo/seeeeceemeeeess 
| Pei 
2.13 


10.0 20.0 30.0 40.0 50.0 
Volume of NaOH added (mL) 


52. Using the plot to estimate, what is the Ka, of phosphoric acid? 


A. 50x10” 
B. 17x10” 
C. 6.3 x 10° 
D. 2.0x10° 


53. Which laboratory scenario would cause the concentration of the acid at the first equivalence point to 
appear to be lower than the true value? 


A. The chemist used a buret that was wet with distilled water before the sodium hydroxide solution was 
added. 

B. The chemist neglected to drain sodium hydroxide solution into the tip of the buret before beginning 
the titration. 

C. The chemist diluted the acid in the Erlenmeyer flask with an unknown quantity of water. 

D. The chemist used an indicator that had a pK, of less than 3.5. 
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54. At point A in the titration, which particle diagram best represents the composition of the solution? Water 
is not pictured. 


A. 


55. At point B in the titration, 10.0 mL of base have been added. At this point, when several drops of base are 
added, the pH does not change substantially. Which reaction best accounts for this observation? 


H,PO, + OH- > H,PO, + H,O 
H,PO, + OH > HPO,’ + H,O 
HPO? + OH > PO? + H,O 
H,O* + OH’ > 2 H,O 


SOAP 
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56. The reaction between Hg,Cl,(g) and Al,Cl,(g) to form HgAICl.(g) has a heat of reaction that is close to zero. 


Cl Cl Cl 
SF NA jo. 
Hg,Cl, + Al Al — 2 Cl— Hg Al 
ai SF a X Z N 


One Hg-Hg bond is broken, two 
Al-Cl bonds are broken, two Al-Cl 
bonds are formed, and two Hg-Cl 
bonds are formed. 


Two Al-Cl bonds are broken, two 
Hg-Cl bonds are broken, two 
Hg-Cl bonds are formed, and two 
Al-Cl bonds are formed. 


One Hg-Hg bond is broken, four 
Al-Cl bonds are broken, two Al-Cl 
bonds are formed, and two Hg-Cl 
bonds are formed. 


Four Al-Cl bonds are broken, two 
Hg-Cl bonds are broken, four 
Hg-Cl bonds are formed, and four 
Al-Cl bonds are formed. 


57. A reaction with which energy profile would proceed the fastest at a given temperature? All reactions 
proceed from reactants on the left to products on the right. 


A. B. 


Energy 
Energy 


Reaction Coordinate Reaction Coordinate 


Energy 
Energy 


Reaction Coordinate Reaction Coordinate 
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58. A reaction under kinetic control will form 


the product with the lowest activation energy. 

the product that can be formed in the smallest number of steps. 
the product with the lowest potential energy. 

the product with the highest potential energy. 


SOM 


59. Which choice shows the correct arrangement of compounds in order of increasing lattice energy? 


MgF.,, CaCl, GaF,, InBr, 
GaF,, InBr,, MgF,, CaCl, 
CaCl, MgF.,, InBr,, GaF, 
CaCl, InBr,, MgF,, GaF, 


SOM Pp 


60. The solubility of elemental iodine in water at 20 °C is about 1.00 g per 3.5 L. Which intermolecular force is 
responsible for this solubility? 


A. Ion-dipole 

B. Dipole-induced dipole 
C. Hydrogen bonding 

D. Dipole-dipole 


IF YOU FINISH BEFORE TIME IS CALLED, CHECK YOUR WORK ON THIS SECTION 
ONLY. DO NOT WORK ON ANY OTHER SECTION IN THE TEST. 
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Section Il: Free Response 


7 Questions 
105 Minutes 


Directions: Long free-response questions (questions 1—3) are worth 10 points each; allow yourself approximately 
23 minutes for each one. Short free-response questions (questions 4-7) are worth 4 points each; allow yourself 
approximately 9 minutes for each one. 


Include examples and equations in your responses where appropriate. Clearly show the method used and the 
steps involved in arriving at your answers. You must show your work to receive credit. Be mindful of significant 
figures. 


1. Iron(II) sulfate is a white solid. It forms a green hydrate when exposed to water. A 5.000-g impure sample 
of the hydrated form of iron(II) sulfate is heated until the mass stops changing and only a white solid 
remains. The mass of the anhydrous sample is 2.755 g. 


a. How many moles of water were released from the hydrate? 

b. The impure anhydrous iron(II) sulfate was diluted with approximately 100 mL of water in an 
Erlenmeyer flask and acidified with sulfuric acid. It was then titrated with a 0.0521 M standardized 
potassium permanganate solution. Note that the impurity does not react with any other components 
of the titration. 

i. Write the balanced net ionic equation for the reaction between Fe” and MnO, to form Fe” and 
Mn” in acidic solution. 

ii. A volume of 68.33 mL of MnO, is required to titrate the Fe” solution to the equivalence point. 
How many moles of Fe” are present? 


i. How many water molecules are associated with each formula unit of iron(II) sulfate in the 
original crystal? Write the molecular formula of the hydrate. 

ii. Why is it unnecessary to measure the exact volume of water used to dilute the iron(II) sulfate 
sample? 

iii. How would the experimentally determined formula be affected if the mass of the sample had 
not stopped changing before the mass of water released was determined? 

. Howmany grams of the hydrated form of iron(II) sulfate were present in the original 5.000-g sample? 
e. | What was the percent purity of the original hydrated sample of iron(II) sulfate? 


2. a. Hypochlorous acid has a pK, of 7.50 at 25 °C. 


i. Write the K, expression for hypochlorous acid in water. 

ii. Calculate K, for HCIO at 25 °C. 

Calculate the pH of a 0.225 M aqueous solution of HCIO. 

Write the net ionic equation between HCIO and NaOH in aqueous solution. 

d. A 25.0-mL sample of 0.225 M aqueous HCIO is titrated with 0.125 M NaOH. Calculate the number 
of moles of NaOH required to reach the equivalence point. 


oS 


i. Calculate the K, for ClO. 
ii. Calculate the pH of the solution in the flask after the NaOH addition. 
f. What molar ratio of ClO:HCIO must be achieved in order for the pH of the solution to equal 8.00? 
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3. Azulene, C,,H,, is a deep blue molecule that is present in botanicals such as wormwood. 


Azulene 
C, H 


10 ` 8 


MW = 128.17 g'mol! 


A 10.0-mg sample of azulene is dissolved in a mixture of 5 mL of ethanol and 25 mL of water to form a 
bright blue solution. This mixture is added to a separatory funnel, shown below. A 30-mL portion of 
cyclohexane, C,H, is added to the funnel. The solutions in the funnel are mixed well and allowed to 
separate into two layers. 


Boiling Melting 
rong | (°C) nes (°C) | (g-mL") "a 


/Azulene | 99 104 Blue 


— F a a 


a. When the layers have separated, which solvent, water or cyclohexane, makes up the top layer and 
which makes up the bottom layer? 

b. When the layers have separated, one layer is blue and the other layer is colorless. Which solvent layer 
is blue? Explain your response in terms of intermolecular forces. 

c. How many z bonds are present in a molecule of azulene? 

d. What is the hybridization and approximate bond angles of the carbon atoms in azulene? 

e. How might azulene be isolated from the solution in the separatory funnel? Briefly describe a 
procedure for recovering the 10.0 mg of pure azulene. 

f. Write the balanced equation for the combustion of azulene in excess oxygen using the lowest possible 
whole-number coefficients. 

g. Use the following bond energy data to estimate the enthalpy of combustion of azulene in the gas 
phase. Express your answer in units of kJ-mol". 
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432 


Bond ne Bond Energy (kJ-mol!") 


Brass is an alloy consisting of copper and zinc in various proportions. A 1.50-g sample of brass and a 
1.50-g sample of pure copper are connected to a voltage source and placed in a solution that is 0.200 M in 
CuSO, The orientation of the electrodes is such that the copper electrode serves as the cathode and the 
brass electrode serves as the anode. 


a. Is brass a substitutional or an interstitial alloy? Use a particulate sketch to illustrate a brief 
explanation of your response. 
Write the equation for the half reaction for the process that occurs at the cathode. 

c. Does the cathode or the anode increase in mass as the reaction proceeds? Provide reasoning for your 
answer. 

d. Determine the mass of copper that is deposited after a current of 0.20 amperes is applied for 2.0 
hours. 


. When equimolar quantities of SbCl, and GaCl, are mixed under appropriate conditions, they react 


according to the equation below. 
SbCl, + GaCl, > SbGaCl, 


A research group would like to determine whether the structure of SbGaCl, has the form [SbCL,]'[GaCL] 
or [GaCL][SbCL]. They use a spectroscopic technique to determine that the cation has a bent molecular 
geometry. 


a. Which of the two forms is the correct structure and why? Draw Lewis structures of both possible 
cations to support your response. 

b. The spectroscopic technique gave the researchers information about the geometry of the molecule. 
Was the spectroscopic technique one that utilized infrared radiation or one that utilized ultraviolet/ 
visible radiation? Explain your answer. 

c. What is the molecular geometry of the anion? Draw a Lewis structure to support your conclusion. 


GO ON TO THE NEXT PAGE 
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6. Sodium-24 is a radioactive isotope of sodium. 


a. In terms of atomic structure, how do sodium-24 and the stable isotope of sodium, sodium-23, differ? 
b. The rate of decay of “Na was determined experimentally and the results are plotted below. 


50 


— No No (03) we) D 
Nn © nr © n © 


bh 
& 


Disintegration Rate (decays per minute) 


0 10 20 30 40 50 60 70 80 90 100 
Time (hours) 


i. Determine the half-life of “Na. 
ii. Determine the rate constant for the decay of “Na. Remember to include appropriate units. 

c. The data can be used to show that the decay is first order, as indicated on the graph below. Label the 
vertical axis of the graph. 


Time (hours) 


GO ON TO THE NEXT PAGE 
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7. Consider two containers, each with a volume of 10.0 L at 298 K, as shown below. One container holds 1.0 
mol He(g) and the other holds 1.0 mol CH,(g). Assume that the He and CH, gases exhibit ideal behavior. 


a. Is the pressure in the container of He greater than, equal to, or less than the pressure in the container 
of CH,? 

b. Is the average kinetic energy of the He molecules greater than, equal to, or less than the average 
kinetic energy of the CH, molecules? Explain your answer. 

c. In which container do the molecules have a greater average speed? Justify your answer. 

d. The sample of CH, is heated at constant pressure. On the graph below, sketch the expected plot of 
volume versus temperature. 


Volume 


Temperature 


IF YOU FINISH BEFORE TIME IS CALLED, CHECK YOUR WORK ON THIS SECTION 
ONLY. DO NOT WORK ON ANY OTHER SECTION IN THE TEST. 
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Answer Key 


Section I: Multiple Choice 


1. 


þà þa pà 
N Pe © 


ee E a Se a a a 


B 13. A 25. A 37. D 49. B 
C 14. D 26. C 38. B 50. C 
B 15. A 27. C 39. A 51. D 
C 16. B 28. B 40. D 52. C 
A 17. B 29. C 41. B 53. D 
D 18. D 30. A 42. A 54. D 
A 19. D 31. B 43. D 55. A 
C 20. B 32. D 44. C 56. B 
A 21. A 33. A 45. B 57. C 
B 22. D 34. A 46. B 58. A 
B 23. C 35. B 47. B 59. C 
D 24. A 36. B 48. D 60. B 


Answers and Explanations 


Section I: Multiple Choice 


1. 


B. (EK 3.A.2) The ratio of CO,:H,O in the overall balanced equation is 4:2 or 2:1. 
2 C,H, +50, > 4CO,+2H,0 


C. (EK 2.A.3, 6.C.1) When ammonia, a weak base, is added to acetic acid, a weak acid, ammonium 
acetate, a strong electrolyte, is formed. The diagram in choice C shows NH,” and CH,CO, and is the 
correct choice. 


NH,(aqg) + CH,;CO,H(aq) > NH, (aq) + CH,CO, (aq) 
B. (EK 2.D.2) Chromium oxide is used to coat the surface of stainless steel to prevent oxidation of the 
surface of the alloy. 


C. (EK 1.B.1, 1.B.2, 1.D.1) If the Bohr model of the atom were correct, the shells would not be divided 
into subshells, and there would be fewer peaks in the spectra. There would also be different relative 
numbers of electrons per peak. 


A. (EK 1.B.1, 1.C.1) Element X has the electron configuration, 1s°2s°2p’, which corresponds to an atom of 
fluorine. Elements Y and Z are sodium and magnesium, respectively. Of these three elements, only fluorine 
ionizes by gaining electrons. 


D. (EK 1.C.1) Increasing nuclear charge causes the atomic radii to decrease from left to right across the 
periodic table. 


A. (EK 1.B.1) The lower effective nuclear charge of sodium results in a lower binding energy for its 2s 
electrons than that of the 2s electrons in magnesium. 
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10. 


11. 


12. 


13. 


C. (EK 2.D.4) The electrical insulating properties, relatively low melting point, and the insolubility of the 
compound in water suggest that it is a molecular solid. By contrast, KOH is an ionic solid that is expected 
to be soluble in water. Au is a metal, so it is not expected to be an electrical insulator. Since HBr is a strong 
acid and is soluble in water, the solid must be sulfur, S,. 


A. (EK 6.C.1) The F ion is the conjugate base of a weak acid, which means it behaves as a base in aqueous 
solution. The more basic a solution, the higher its pH. 


B. (EK 2.C.1, 2.C.2) Compounds with the largest electronegativity differences between the atoms 
participating in bonding have the highest degree of ionic character. The bond between lead, a metal, and 
bromine, a nonmetal, is the most ionic bond among the choices. 


B. (EK 2.D.3) The conductivity of a semiconductor increases with increasing temperature because the 
number of electrons in the conduction band increases with increasing temperature. Therefore, the 
statement in choice B is the false statement. 


D. (EK 2.C.4) When formal charges are assigned to the atoms in the choices, only the structure in choice D 
has zero formal charges. All of the other structures have separation of charge, so they are predicted to be 
less important contributors to the structure. 


A. (EK 2.C.4) TeCl,, SF, and BrF, all have octahedral electronic geometry. TeCl, and BrF, have square 
pyramidal molecular geometry. 


-Cl: 
‘Cl | wl 


Cl “(ys : 


"F l ig .e , 
l1, i | AS “Ey, | ae 
. S . 5 Br: : 
dl ihe sd es 
. ; F ; . "ia . 


14. D. (EK 2.C.4, 5.C.1) Silicon atoms are larger than carbon atoms; the bond between two silicon atoms is 
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longer and therefore weaker than the bond between two carbon atoms. A double bond, in general, which is 
composed of one o and one z bond, is shorter and stronger than a single bond. Therefore, choice D 
correctly ranks the bonds according to increasing bond strength: Si-Si single bond < C-C single bond 

< C-C double bond. 
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15. A. (EK 5.E.4) Ionization is endothermic. Absorption of a photon causes the potential energy of the 


16. 


17. 


18. 


19. 


20. 


21. 


products to be greater than the potential energy of the reactants. 


X +e- 


Energy 


Reaction Coordinate 


B. (EK 6.A.1, 6.A.2) The reaction has been reversed, so the new equilibrium constant is the reciprocal of 
the equilibrium constant in the forward direction. The coefficients have been divided by 2, so the new 
equilibrium constant must be raised to the power of _. 

2 


l l 1 
K=(Kp"')? =K ? =(1.0x10") ? =1.0x10” 


Multiplication of the exponent by 5 gives the new equilibrium constant. 


B. (EK 5.C.2, 5.E.1) In the reverse reaction, two gaseous atoms come together to form one gaseous atom. 
This involves a decrease in entropy (AS < 0). Bond formation releases energy, so the reverse process is 
exothermic (AH < 0). 


D. (EK 6.C.3) Calcium fluoride dissociates according to the equation 
CaF,(s) = Ca” (aq) + 2 F (aq) 
The solubility product expression is 
K,, = [Ca [FT 
Since [Ca”] = x, then [F] = 2x 
K = x(2x)’ = 4x’ 


D. (EK 3.C.2, 5.B.3, 6.B.1) In an exothermic process, heat can be thought of as a “product” of the reaction. 
As temperature is decreased, the equilibrium constant increases and more products must be formed to 
achieve equilibrium. 


B. (EK 4.D.2) Enzymes lower the energy of the transition state compared with the transition state of the 
uncatalyzed reaction. Thus, choice B is the false statement. 


A. (EK 4.C.1, 4.C.2, 4.C.3) The rate law for mechanism 1, based on the slow step, is 
rate = k [NO,Cl] 
The rate law for mechanism 2 is based on the slow step. 


rate = k [N,O,] 
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22. 
23. 


24. 


25. 


27. 


29. 


30. 


31. 
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Because an intermediate is not included in the rate law, the equal rates of the forward and reverse reactions 
in the fast step are taken into account. 


k [NO,CIF = k_[N,O,][C1] 
The overall rate for mechanism 2 is 
rate = k[NO,CI}[CL] 
Only mechanism 1 is consistent with the experimental rate law. 


D. (EK 2.A.1) A glass is an amorphous solid, not a crystalline solid. 


C. (EK 4.A.2) Notice that for every 10.0-minute interval, [A]' increases by 0.25. This linear relationship 
indicates a second order process. 


A. (6.A.2, 6.A.3) For a given reaction, only a change in temperature can change the equilibrium constant. 
All the other changes mentioned merely change the equilibrium quotient. 


A. (EK 3.C.3, 6.D.1) The reaction with the most positive standard cell potential has the largest equilibrium 
constant. The value of E° is determined by 


o — ro o 
E cell E reduction E oxidation 


The combination of reactions that leads to the most positive overall cell potential is that of the reduction 
of Pb” and the oxidation of Al, as shown in choice A. 


C. (EK 2.A.3, 3.B.2, 6.C.1) As NaOH, a strong base, is added to HF, a weak acid, the conductivity of the 
solution increases as an HF/NaF buffer solution is formed. 


HF + OH- > H,O + F 


Once the HF has reacted completely, additional NaOH will increase the conductivity at a different rate as 
Na‘ and OH are added; the diagram in choice C best represents this change. 


C. (EK 3.B.2, 6.C.1) Water is both amphoteric, which means it can behave as both an acid and a base, and 
amphiprotic, which means it can behave as both a proton donor and a proton acceptor. Therefore, the 
statement in choice C is false. 


B. (EK 3.B.3) This redox titration calculation requires a balanced net ionic equation. 
6 +14 H* +CrO, >31, +2 Cr +7H,O 
0.100 mor 1 mol ErO; 1L CrO,” ie 
0030 LAS x > >= et A 0.0167 L CrO, = 16.7 mL 
1 JA 6 mo 985 molCr0,~ 
C. (EK 3.B.3) The electrolysis of Al” is a 3-electron transfer. 


Al* +3e > Al 


BS 1mete 1 mos 27¢8Al © 
96,500 £ x E sona Ja dana 2! 84! 


A. (EK 3.B.3) The oxidation number of Mn is going from +7 to +6 as the reaction proceeds to the right; 
therefore, choice A is correct. 


B. (EK 3.B.3) The coefficient for OH in the overall balanced equation in alkaline solution is 2. 


2 MnO, + SO,” +2 OH > 2 MnO,’ + SO% + H,O 
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32. D. (EK 2.A.3) Propionaldehyde and propanol are miscible liquids with similar densities. They have 


sufficiently different boiling points to be separated by distillation. 


33. A. (EK 2.A.3) The molarity is the number of moles of solute per liter of solution. 


0.802¢ Imol 4 1 
——— x —— = — = — mol 
I mL 600g 60 15 


l 
(5 mol) > 
>= =—=0.67 M 


ot) ` 


SmL x 


34. A. (EK 5.E.1) Freezing decreases the entropy of a liquid as it is converted to a solid, but this is offset by the 


35. 


36. 


37. 


38. 
39. 


40. 


41. 


42. 


43. 


44. 


increase in entropy of the surroundings. 


B. (EK 4.A.1) Let [X] be the concentration of the reactant. The ratio of rate 2:rate 1 is 27. 


rate 2 (m) 


ratel [X] 
23° 
x=3 


B. (EK 2.A.3) The addition of the two masses yields five significant figures. 
169.88 g + 0.120 g = 170.00 g 


When this mass is divided by the molar mass, the number of moles can be reported to five significant 
figures. 


The graduated cylinder can be read to the nearest 0.1 mL. (If the meniscus is exactly on the 100-mL mark, 
the student should report this as 100.0 mL.) There are four significant figures in the volume reading. 


The number of moles divided by the volume provides the molarity, so a maximum of four significant 
figures should be reported. 


D. (EK 2.A.2, 2.B.1) London dispersion forces are present between all molecules. The intermolecular forces 
in neon are weak, but they exist. 


B. (EK 4.A.2) For this second order reaction, a plot of [C,F,J” (y axis) versus Time (x axis) is linear. 


A. (EK 2.B.3) Hydrogen bonding is the strongest intermolecular force and has the greatest influence on 
surface tension. The -NH, group in aniline is capable of hydrogen bonding. 


D. (EK 5.A.1) As temperature, or average kinetic energy, of the molecules increases, they become 
increasingly capable of overcoming intermolecular forces. This increase in average kinetic energy results in 
a decrease in surface tension. 


B. (EK 5.B.1) Negative work is work done by the system. In order to do work on the surroundings, the 
system expands against the constant external pressure. This is true for the situation is which bromine liquid 
is converted to bromine gas. 


A. (EK 6.C.1) The base dissociation constant is the equilibrium constant for the reaction of a base (HSO, ) 
with water, where the base accepts a proton from water to form the conjugate acid (H,SO,) and hydroxide. 


D. (EK 5.A.2, 6.A.1) The process of melting is endothermic; energy is being absorbed by the system, so the 
enthalpy change is not zero. Choice D is the false statement. 


C. (EK 2.A.2) At constant temperature, the pressure of an ideal gas is inversely proportional to volume, so 
the axes labels should be Volume (x-axis) and Pressure (y-axis), as is choice C. 
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45. 


46. 


47. 


48. 


49. 


50. 


51. 


52. 


53. 


54. 
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B. (EK 1.D.3) The absorbance can be used to find the Hg” concentration in the final solution. An 
absorbance of 0.04 corresponds to a concentration of 1.0 x 10° M. The original concentration of mercury 
in the dental wastewater can be determined using the dilution equation. 


M, V, = M,V, 
(1.0 x 10° M)(2.0 mL) = M,(200.0 mL) 
M, = 1.0 x 10° M 
B. (EK 1.D.2) The two peaks in the mass spectrum provide the proof that boron exists as two isotopes that 


differ by the number of neutrons in the nucleus. 


B. (EK 2.A.2) The temperature of both gases in choice B is the same, so the curve corresponding to Gas A 
represents a larger gas, because the molecules have a lower average velocity. The curve corresponding to 
Gas B represents a smaller gas because the molecules have a higher average velocity. 


D. (EK 3.A.2) The solid formed is PbI,. The number of moles of Pb(NO,), can be determined using the 
stoichiometry of the chemical equation. 


Pb(NO,),(ag) + 2KI(aqg) > PbI,(s) + 2K NO,(aq) 


The molar mass of PbI, is 461 g-mol”. 


ae 1 mol P 
2.31 A | mol PIT, 1 mol Po(NO;), =5.01x10° mol Pb(NO,), 


” 461 461 gPbi, 1 mol Pot, — 


B. (EK 3.A.1) When the precipitation reaction is complete, only the spectator ions remain. Notice that in 
diagram B, the large oxygen atoms of the water molecules are oriented toward the K* cations and the small 
hydrogen atoms are oriented toward the NO, anions. 


C. (EK 3.B.2) The conjugate acid, H,SO,, has an additional hydrogen and a charge that is +1 greater than 
HSO,,. The conjugate base, SO,”, has lost a hydrogen and has an additional negative charge. 


D. (EK 6.D.1) An exergonic reaction is one in which AG < 0. Since AG? = -RT In K, the equilibrium 
constant is greater than 1. No information is given about whether the reaction is endothermic or 
exothermic. 


C. (EK 6.C.1) The pKa, is equal to the pH halfway between the first and second equivalence points. The 
pKa, is 7.20. 


Ka, = 10. 


This is estimated to be close to 6.3 x 10°. 


D. (EK 6.C.1) In order to accurately determine the equivalence point of a titration, the indicator selected 
must have a pK, within 1 pH unit of the pH of the equivalence point of interest. If the indicator changed 
color before the equivalence point was reached, the concentration would appear to be lower than the true 
value. 


D. (EK 6.C.1) At point A in the titration, addition of OH deprotonates H,PO,. The point is more than 
halfway to the second equivalence point, so HPO,” anions outnumber H,PO, anions, as shown in the 
particle diagram in choice D. 


A. (EK 6.C.1) At point B in the titration, within the first buffering region of the curve, addition of OH- 
deprotonates H,PO,, as shown in the reaction in choice A. 


B. (EK 5.C.2) The correct structure is the one in which the bonds broken and the bonds formed are 
approximately equivalent. 
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57. C. (EK 4.B.3) The reaction with the lowest activation energy will proceed the fastest at a given temperature. 
The activation energy is the energy difference between the reactants, which are on the left, and the 
transition state, which is the highest point on the reaction profile. In choice C, this energy difference is the 
smallest. 


58. A. (EK 5.E.5) A reaction under kinetic control will form the product with the lowest activation energy. 


59. C. (EK 2.C.2) Coulombic attractions between anions and cations increase with the product of the charges 
and decrease with increasing ionic radii. Therefore, the correct arrangement of compounds in order of 
increasing lattice energy is shown in choice C: CaCl, MgF.,, InBr,, GaF,. 


60. B. (EK 2.B.2, 2.B.3) Iodine is a nonpolar solute and water is a polar solvent. Iodine dissolves in water due 
to dipole-induced dipole attractions. 


Section Il: Free Response 
1. a. (EK 1.A.3, 3.B.3) 


(5.000 g impure sample) — (2.755 g impure anhydrous sample) = 2.245 g H,O 
1 mol H,O 


2.245 g HO x a 0.1246 mol H,O 


b. i. (EK 3.A.1, 3.B.3) 
5 Fe” + 8 H* + MnO, > 5 Fe* + Mn” + 4 H,O 
ii. (EK 1.E.2, 3.A.2, 3.B.3) 


IL T 0.0521 m 2+ 
68.33 mL MnO; x LMad," 0.0521 mol MnO," molt’ _-=40i78 mol re 


XX 


1000 m - 1 L MnO“ 1 mol MnO, 
c. i. (EK 3.A.2) 


0.1246 mol H,O | 
0.0178 mol Fe** 


FeSO, 7 H,O 


ii. (EK 3.B.3) It is unnecessary to measure the exact volume of water used to dilute the analyte because 
only the ratio of the number of moles of water that was originally removed by heating to the number 
of moles of iron is needed to determine the formula of the hydrate. The concentration does not 
affect the result. 


iii. (EK 1.E.2) When the mass stops changing, all of the water has been removed and the mass of the 
anhydrous sample can be accurately determined. Before the mass stops changing, water is still 
present, the sample is not anhydrous, and fewer H,O molecules per FeSO, formula would be 
obtained. 


d. (EK 1.A.1, 3.A.2) Formula weight of FeS0,7 H,O = 278.05 g:mol”. 


278.05 g FeSO, :7 H,O 


0.0178 mol FeSQO;-7H,O x 
1 mol FeSQ;-7H,O 


= 4.95 g FeSO, -7 H,O 


e. (EK 1.A.1, 1.A.2) 


4.95 g pure FeSO, :7 H,O 


x 100% = 99.0% 
5.000 g sample 
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2. a. i. (EK 6.C.1) 
_ [H,0*][ClO"7 
` THCIO] 
ii. (EK 6.C.1) 


K, =10 P% =107 =3.2x10° 


b. (EK 6.C.1) 


[Initial Concentrations (M) [0.225 |X fo Jo | 
oe l |n e 
[Equilibrium Concentrations (M) |0225-x_ | Nx bhk 


_[B;O*][CIO ] _ x 
i [HCIO] 0.225- x 


=3.2 x10 


Because K, is very small, x can be neglected in the denominator. 


x = 4/(0.225)(3.2x 10°) =8.4x10° M =[H,O*] 
pH = -log (8.410) = 4.07 


No rounding occurred until after the final calculation. 
c. (EK 3.B.1, 3.B.2) 
HCIO + OH > H,O + CIO 
If state symbols are included, the equation becomes 
HC1O(aq) + OH (aq) > H,O() + ClO (aq) 


d. (EK 1.E.2, 3.A.2, 6.C.1) 


00050 LHe x22 MLO HCIO . | metOH |__| _lLen y NOE 45 6 mi Neon 
1 LHEIO 1 mol HCIO 0125 0.125 melo 1 Len | 


i. (EK 6.C.1) At the equivalence point, all the HCIO has been reacted with OH’. The base dissociation 
constant for ClO’ is needed to find the pOH. 


CIO- + H,O = HCIO + OH” 


K, = K,- K, 


K -14 
K, eee a ig 
K, 3.2x10 
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ii. (EK 6.C.1) 


= 0.00563 mol ClO™ 


0.0250 LHEIO x 0.225 0.225 moHtCIO | 1 mol ClO 
1 LHEO I molHCIO 
0.00563 mol CIO“ _ eran 


0.0250 L + 0.0450 L 


Initial Concentrations (M) {0.0804 _ N (0 (0 


ow bh Sp h 
-Esulirium Concentrations) |0004- | SJ [x 


_ [HCIOJOH 7] _ x? 


——= = ——_. = 32x10" 
[C107] 0.0804- x 


b 


Because K, is very small, x can be neglected in the denominator. 


x = /(0.0804)(3.2 x 107) =1.6x 107 =[OH™] 
pOH = -log (1.6 x 10~) = 3.80 
pH = 14.00 — 3.80 = 10.20 


(EK 6.C.2) 
pH= pK, +log Meee 
[HCIO] 
8.00 = 7.50 + log La] 
[HCIO] 


[C107] 
[HC10] 


= 106%- 7.50) _ — 3. 2 


(EK 2.B.3) Because cyclohexane and water are the major components of the mixture, they are the 
solvents, and ethanol and azulene are the solutes. Cyclohexane is less dense than water, so cyclohexane 
makes up the top layer and water makes up the bottom layer. 


(EK 2.B.3) The cyclohexane layer is blue because azulene is soluble in cyclohexane rather than water. 
Azulene is a nonpolar molecule. London dispersion forces are responsible for its solubility in 
cyclohexane, a nonpolar hydrocarbon. Azulene is much less soluble in water, which is polar and 
capable of hydrogen bonding. 


(EK 2.C.4) Five z bonds are present in azulene. 
(EK 2.C.4) The carbon atoms are sp’ hybridized with approximate 120° bond angles. 


(EK 2.A.3) The water layer could be drained from the bottom of the separatory funnel, leaving the 
cyclohexane layer. The cyclohexane layer could be poured into a distillation flask and the cyclohexane 
could be removed from the solid azulene by distillation. (Alternatively, all the solvents could be 
evaporated.) 


(EK 3.A.1) 


C,H, + 120, > 10 CO, + 4 H,O 
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(EK 5.C.2) 
AH vxn =(X bonds broken)-(> bonds formed) 
AH xn =| (5X 348 kJ - mol )+ (6x 612 kJ- mol™)+ (8 x 412 kJ - mol)+ (12 x 498 kJ - mol™)| 
— | (20x 799 kJ: mol) +(8 x 463 kJ - mol”) | 
AH? =—5.00 x 10° kJ- mol” 
(EK 2.E.2) Brass is a substitutional alloy. Copper and zinc are adjacent to one another on the periodic 


table and have similar atomic radii. Some of the copper atoms in the metal are substituted with zinc 
atoms. 


Your sketch should resemble the following. 


(EK 3.C.3) 


Cu” + 2e —> Cu 


(EK 3.C.3) The cathode increases in mass because as Cu” is reduced to neutral copper, it leaves the 
solution and is plated onto the electrode. 


(EK 3.C.3) 


20 Kx 3600 £ 0.20 Z é 1 macu «BEC 0.47 gCu 


1K 1g * 06, 485 Z 2 me 
(EK 2.C.4) SbCl,” has a trigonal planar electronic geometry and bent molecular geometry; GaC1,* has 


linear electronic and molecular geometry. The product must be [SbCl] [GaCLJ. 


F + 


m Cl—Ga—cl 
i . Cl — Ga — CI : 
Cl: “ai . x p 


(EK 1.D.3) Infrared spectroscopy gives information about the types of bonds that are present in a 
molecule. The bond angle in the cation was determined by infrared spectroscopy rather than 
ultraviolet/visible spectroscopy, which gives information about electronic transitions. 


(EK 2.C.4) The molecular geometry of the anion, GaCl, is tetrahedral. 
To! i = 


cu Ba 
S a 


zor 


6. a. 


b. i. 


d. 
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(EK 1.D.2) Sodium-24 has one more neutron in its nucleus than sodium-23. 


(EK 4.A.3) According to the graph of disintegration rate versus time, half of the “Na has decayed at 
15 hours. 


. (EK 4.A.3) Nuclear decay is always a first order process. 


, 0693 
yn Kk 
pa oo -00 ai 
t, 15h 
y 


(EK 4.A.2) The vertical axis of the graph should be labeled “In A” or “In (disintegrations).” 


(EK 2.A.2) Equal numbers of moles of ideal gases occupying equal volumes at the same temperature 
exert the same pressure. 


(EK 2.A.2) Both gases have the same average kinetic energy because both are at the same temperature. 


(EK 2.A.2) The molar mass of He is less than the molar mass of CH,, so the helium molecules have 
greater average speed. 


Number of Molecules 


Molecular Speed 


(EK 2.A.2) The volume of an ideal gas is directly proportional to temperature. The sketch should 
show a Straight line with a positive slope. 
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